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PREFACE

This is a report of a case study of engineering design. It is

fundamentally a case study of the behavior of a particular design en-

gineer before and after the introduction of a new design aid, i.e., a

computer simulation of the engineer's own design behavior. This report

documentsthe engineer's responses to the simulation.

At the sametime, this is also a case study of the formulation

and development of a general method for studying engineering design. As

a result, this report is Just as concerned with the methodology and general

implications of the method as it is with documenting a particular applica-

tion of the method. This is essentially the theme of Chapter I.

Even though there are manycompeting viewpoints on the nature of

engineering design, we feel that none of the authors in the field has

yet sufficiently demonstrated the superiority of his particular viewpoint.

Webelieve that this is due to their failure to define in a precise manner

the exact nature of the problem. Chapter I must be regarded as an intro-

ductory definition of what we take to be the real problems confronting

the analyst of the engineering design process. Chapter I accomplishes

this by critically evaluating the methods for studying design as proposed

by other authors. Weshowthat how and what a particular method defines

as "the problem" in turn dictates how and what the method defines as '_he

solution." We demonstrate that the development of a general method for

studying design (which this study attempts to provide), as well as a par-

ticular application of it, is really no better than the original formulation

iv
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of the problem the method is intended to solve. Hence our emphasis on

defining the problem and on the methodology for solving it.

Chapter I must also be regarded as a case history in the discovery

and in the formulation of a method for solving a complex problem. As a

case history, Chapter I shows how the formulation of the problem and the

interpretation of the study's results changed with the development of the

study itself. The formulation and interpretation changed with the inves-

tigator's growing recognition of the importance of the role of behavioral

factors in the design process. What follows is a case history in the

discovery of general factors governing the design process; it is a case

history of the formulation of general hypotheses instead of a testing of

specific hypotheses.

Chapter II represents a preliminary description of the specific

design task of the study. It gives a very general description of the

task's technical and behavioral content. This general account is a

strict prerequisite for an understanding of later, more detailed accounts.

Most important of all though, Chapter II shows the decisive influence

of variables which were not programmed. These variables are mostly

behavioral. They were not programmed only because the extent .of their

importance was not fully recognized until near the end of the study, i.e.,

with testing out of what had actually been programmed.

Chapter II gives a preliminary demonstration of the fact that there

is no more basic behavioral variable governing a design than the person-

ality of the client for whom the engineer designs. There is also no more

basic behavioral variable than the personality of the engineer. Different

p_rsonality types not only initiate a design differently but also influence

its development differently. For example, there is a considerable differ-

ence between the ways clients define their design needs. Most clients,
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it would seem, either overdefine or underdefine their requirements. As a

result, the engineer is forced to adopt various strategies in order to

get his clients either to relax or to "firm up" certain requirements. In

order to proceed with a design, the engineer must essentially get his

clients to redefine their design needs.

Chapter II shows how the face to face interaction between the en-

gineer and one of his clients is one of the most crucial behavioral factors

in determining the properties of the design's product. Unfortunately, as

this also was not programmed,Chapter II showsthat the simulation model

as it now stands is not capable of representin_ the whole of the specific

design process studied. But then this only strengthens our point that any

model which only conceives of design as a process of optimizing technical

variables is dangerously incomplete. In many respects, the most im-

portant design variables yet to be modeled and optimized are behavioral

variables like the amount and kind of "understanding" that exists between

the different parties to a design project.

Since the program represents a rather large and complicated model,

an extensive explanation of both its construction and structure is neces-

sary for an understanding of its implications. Chapter III which gives

this explanation is also necessary for an understanding of the results

of later chapters. And Chapter III once more testifies to the fact that

the program is mainly a representation of the technical content of the

engineer's Job.

Chapter IV is exclusively devoted to the problems of testing any

simulation model. Essentially the chapter proposes that any specific test

of the program's adequacy in representing the engineer's design behavior

be based on a criterion of utility. Weargue that if the engineer

"accepts" the program as a useful design aid, then he is accepting the
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program as a valid representation of his own design behavior. Chapter IV

discusses the general methodological implications behind such a test.

Chapter V constitutes a detailed and extensive application of the

results of Chapter IV. The chapter shows that even if the program does

not represent every design variable, the program is still exceedingly

useful in giving the largest view to date of the whole design system.

The program allows the engineer, his boss, or even his clients to examine

more fully and systematically the consequencesof general design strate-

gies than has heretofore been possible. In addition to giving an ex-

tensive test of the program, Chapter V also gives the most complete

description of the engineer's task.

Finally, Chapter VI summarizesour general conclusions and pro-

posals for future research. The chapter re-emphasizes our most general

conclusion, i.e., that the extent of the interdependence between the

technical and behavioral aspects of design is muchgreater than has

heretofore been recognized. Specific research proposals are developed

out of this general conclusion.
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CHAPTER I

INTRODUCTION

While it is clear that the function of engineering is design, it

is, unfortunately, not clear what design is, what it is that engineers

actually do, and what they ought to do. The objective of this study is

to add to our understanding of all three areas. Even though we have

limited ourselves to examining the actual behavior of a single design

engineer, we still believe that our study contributes toward a general

understanding of engineering design. Furthermore, we also believe that

by knowing what a particular engineer can do, we are helping to define

what an engineer can be expected to do, and in this sense, what ought

to be done in order to improve design.

If it is not clear how we can improve design, then it is because

we are largely ignorant of what engineers actually do. It is not because

of any lack of proposals for making improvements. On the contrary, there

are numerous articles which attempt to explain and to put design on a

rational basis. I Although almost all of these articles have been based on

some empirical work, almost none of them have reported, let alone related,

what they have had to say about the design process in general to a spe-

cific and systematicstudy Of how design is done in particular. Most

studies are long on what ought to be done theoretically but short on what

is done practically. As a result, most descriptions of design fail to

iFor a general collection of articles, see J. Christopher Jones

and D. G. Thornley, eds., Conference on Design Methods. For a guide to

the rest of the literature on design, see the list of references to this

study.

i
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make clear whether they are describing design as it is presently done or

as it should be done. In other words, what compels one to accept as "ra-

tional" what a particular author happens to define as "a rational method of

design"? 2 From our point of view, our hesitancy to accept any particular

notion of rationality stems from a nagging doubt that while a method may

appear to be rational on paper, it may nevertheless fail to be rational in

practice.

Even fewer in number are those investigations which have syste-

matically described engineering design as both a technical and a social

process. Most studies, it would seem, serve to emphasize one point of

view to the exclusion of the other. For example, Gosling's paper on

"The Relevance of System Engineering, "3 excellent as it is, represents

in our view the archetype of the technical description of design. Korn-

4
hauser, on the other hand, might very well represent, though not without

qualification, the social archetype. Kornhauser, we must point out, rep-

resents the "social" point of view in a manner characteristic of his par-

ticular study and of his professional outlook. Basically, Kornhauser was

2For example, even though the title of J. Christopher Jones' paper

is "A Method of Systematic Design," it is not clear, by Jones' own admission,

in what sense Systematic Design i__sactually systematic, i.e., systematic both

in theory an__din practice by actual test. Consider what Jones himself says:

Some parts of the suggested method have been tried out with some

success in design teaching projects and in prototype development

in ergonomics and industrial design. In these cases it has seldom

been possible to carry the method through to a logical conclusion

for want of the new kind of design organization that seems to be

necessary to permit a complete change to systematic work. Other

parts of the method are based more on conjecture, and on the reports

of others, than on the writer's experience. In many cases the sug-

gested methods are better regarded as a basis for further investiga-

tion than for application in current design work.

Cf., Jones and Thornley, o_/!.cit., p. 53.

3Cf. Jones and Thornley, op. cit., pp. 23-36.

4William Kornhauser, Scientists in Industry: Conflict and Accommo-

dation.



interested in the behavior of scientists and engineers as professionals

in organizations. As a sociologist, he was interested in studying how

organizations as social enterprises affect the social behavior of the em-

ployed professional. He was not interested in studying how organizations

affect the design behavior of engineers. Since our primary interest is

with design behavior, we require a different and more general meaning of

"social." The meaning we have in mind is more nearly expressed by "be-

havioral." In the sense that the term behavioral is more encompassing,

Kornhauser only supplies a part of our intended meaning. Unlike him, we

are not interested in the sociology of professionals in organizations

solely for the sake of sociology, professions, or organizations. Our only

interest is in the possible contribution these fields of knowledge may

make to our understanding of design as an activity which is performed

by a professional who usually works within some kind of formal organiza-

tion. In addition, to the extent that the field of psychology has an

actual contribution to make to our understanding of design as a behavioral

process, the other part of our meaning of "social as behavioral" is to

come from psychology. Not only are we concerned with the _ociology of the

design process, we are also concerned with its description as a psycho-

logical process as well.

There are two studies which come close to meeting all of our cri-

teria for a systematic and accurate description of design. They are

Marples' paper on "The Decisions of Engineering Design ''5 and Ramstr_m and

Rhenman's paper on "A Method of Describing the Development of an Engineering

Project. ''6 Both papers attempt to describe the general process of design

5D. L. Marples, "The Decisions of Engineering Design," IRE Trans.

on En_ineerin6 Management, Vol. EM-8 (June, 1961), pp. 55-71.

6D. Ramstr_m and E. Rhenman, "A Method of Describing the Development

of an Engineering Project," IRE Trans. on Ensineerin5 Management, Vol. EM-

12 (September, 1965), pp. 79-86.
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in terms of specific design projects. At the same time, they more or less

make reference to design as a behavioral process. We shall discuss both

studies in detail since they provide not only the point of departure but

also the point of reference for this study's contributions.

Marples postulates that it is possible to describe the process of

engineering design in terms of a "decision tree" which is similar in struc-

ture to the "trees" of game theory, i.e., a game in "extensive" form. 7

While the starting point of any tree would be the point of problem formu-

lation, the end point, i.e., a solution, would be the sum of the solutions

to the set of subproblems attendant to any proposed solution to the

original problem (see Fig. 1). On the basis of this formulation, the de-

sign process is equivalent to a decision process, and a decision process

is itself equivalent to a strategy for selecting a particular proposal out

of the entire set of proposed solutions. Therefore, if we could specify

a designer's decision rules for the construction of a tree and for the

selection of a solution, then we would be able to specify the general

process by which an individual designer creates a particular design.

Marples, in effect, is asking for the design strategies that an

engineer uses. Based upon the analysis of a few specific design projects,

Marples was able to observe some of the following strategies and to make

some of the following observations about design:

Irrespective of the level [of the problem in the decision tree]

each proposal for the solution of a given problem eventually falls

into one of three classes, the first two of which are equivalent

to rejection and the last to acceptance.

l) Judged not feasible .

2) Judged feasible but inferior.

3) Judged feasible and the best.

7Cf. R. D. Luce and H. Raiffa, Games and Decisions, p. h8.
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The designer, then, has two main functions. First, he must

conduct a search for possible solutions. Second, he must collect

evidence about each one with a view to classifying it as quickly

as possible. To be Judged 'not feasible' a solution must have a

subproblem which is taken to be insoluble. In a sense, of course,

all oroblems are soluble--given enough time. But time is scarce

and in many instances the demand for development time is treated

as an insoluble suboroblem . •

If all the subproblems are Judged soluble, but solutions have

yet to be found, it is impossible to be certain that any one of

the proposals is the best, and each must be pursued through the

next of subproblems until reasonable certainty is attained that

the best can be distinguished . . .

If all the proposals are Judged not feasible, a search for

further alternatives will be instituted. If this is unsuccessful,

the problem will be insoluble, and the corresponding solution to

the problem one higher up in the tree will thereby become not

feasible. An alternative to rejecting the solution is lowering the

standard of satisfactory solution . . .

Two strategies in the examination of proposals can be employed.

Proposals can be examined serially, one after the other, until a

solution is found which is feasible, or they can be examined in

parallel until the best can be distinguished. 8

To elaborate, the decision to proceed serially or to proceed in

parallel is dependent upon such factors as the following: (1) whether the

advantages of any one particular proposal are distinct and decisive; (2)

the available manpower, i.e., whether there is time for examining more

than one proposal; and (3) the difficulty of getting a solution. Since

"the nature of a problem can only be found by examining it through proposed

solutions and it seems likely that its examination through one, and only

one, gives a very biased view," according to Marples, one _to con-

sider "at least two radically different solutions . . . in order to get,

through comparisons of subproblems, a clear picture of the 'real nature'

of the problem. ''9 But on the other hand, one must also strike a balance

8Marples, op. ei__!t., pp. 63-6h.

9Marples, op. cit., p. 6h.



between the efficiency of proceeding directly to a solution, even if it is

not the best, and the certainty of knowing how good any proposal is by e-

valuating it in terms of another.

To continue, if as Marples says the designer has two main functions,

(1) searching for solutions and (2) evaluating their suitability, then it

should not be surprising that "most of a designer's time is spent in exam-

ining the effects of . . . proposed solutions. "lO This requires that the

designer be able to visualize the future life of a proposal, and thi_____ssin

turn requires the ability to predict, either through calculation or test,

the subproblems of a proposed design. Unfortunately, the procedure may not

be as straightforward as it appears and may indeed be downright vicious,

i.e., a vicious circle. The circle is this: we only test and calculate

for thosesubproblems which we can predict or foresee, but the ability to

predict is dependent upon what we are able to test or calculate:

Most calculations are madein order to simulate the future, but,
of course, can only be applied to problems whosenature is per-
ceived. For example, a structure maybe stressed to carry the
expected loads, but if it is not perceived that the conditions
of the load will lead to fatigue, the wrong calculation [or n__o
calculation] maybe made. There is no way of being sure that
all the subproblems of a given design have been perceived and the
necessary calculations and tests made. The ability to perceive
subproblems is one of the major contributions of experience and

llhas enormousvalue in saving time and money.

The foregoing suggests to Marples that a design is marked by

stages, by "critical decisions" which determine which solutions and sub-

problems are to be attacked next. In a sense, the critical decisions de-

termine which problems will be identified as problems and hence attacked;

they also constitute "stop rules," i.e., when a problem will be considered

as "solved":

lOMarples, op. ci__}_t.,p. 68.

llMarples, loc. cit.



A nmmberof features characterise the critical decision. First,
it is taken by someonemuchhigher in the executive hierarchy
than the designer who explores the consequencesof proposed
solutions. Nominally, such decisions are taken by the Chief
Engineer, but in general it appears that the level at which it
is taken is affected by the level of abstraction of the decision
[i.e., the level in the decision tree]

Second, the decision is treated as if it were irrevocable. Major
oversights apart, every.,other designer on the project will sub-
sequently assumethat the decision will not be revised, and will
be able to work accordingly

Third, the activities of the team undergo a marked change at the
time of the decision. From drawing up comparisons of proposals
Cor the solution of one problem, they turn to the examination of
proposals for the particular set of subproblems which follows
from the choice made.12

The critical decisions are madeby evaluating the proposals which

have been considered against a set of criteria. If the criteria are them-

selves not clearly defined, then one of the subproblems the designer faces

is the search for relevant criteria. In other words, the criteria for

makin_ critical decisions can becomepart of the problem, about which,

paradoxically enough, a critical decision must be made. In any case,

criteria must be formulated not only for solving the problem but also

for developing criteria:

In practice the designer sets a level of acceptability in respect
of each value [e.g., cost, space requirements, safety, accessi-
bility], and if this level is not reached by a given proposal its
achievement becomesa subproblem of the proposal. Standards of
acceptability are set by the customs of the industry and the firm
and can eventually be traced to the values which the higher
managementof the firm choose to emphasize. Thus, the relative
importance of quality, safety, reliability, and so forth maybe
part of the marketing policy of the firm and any changes in the
importance of these values with reference to a particular project
should be specified for the designer by hi_her management. It may
happenthat no guidance is given. The designer is then obliged
to set his own standards, possibly to the detriment of the over-all
interests of the concern [or client]. 13

12MarDles, loc. cit.

13Marples, pp. ci____t.,p. 69.
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In general, the values and considerations that lead to the estab-

lishment of design criteria can be grouped under three headings: l) en-

gineering values which reflect the properties of materials and the "laws"

of physical science (nature); 2) administrative values which reflect the

importance of time, cost, space, and manpower; and 3) abstract values

which pertain to safety and health and perhaps even to social well-being.

From the standpoint of a piece of "concrete hardware," which is the end

product of all engineering design, engineering values would be more oper-

ational than administrative values, and administrative values, in turn,

would be more operational than abstract values. According to Marples, the

operational nature of these values follows from their "inflexibility."

Administrative and abstract values are not values which must be satisfied

according to some law of nature; on the other hand, the properties of

materials and the "laws" of physical science are values that must be

satisfied. Therefore, engineering values are less flexible than adminis-

trative or abstract values.

In summary, if the critical decisions determine the design tree,

then it is some set of criteria which determines the critical decisions.

The criteria, in turn, are "derived" from some set (or weighting) of basic

engineering, administrative and abstract values.

Let us now very briefly evaluate what Marples has had to say.

First of all, we feel the need for a great deal of clarification. For

example, we question the purpose of the following statement which is

typical of this study: "The subproblems of one solution differ from those

of the next and, in general, it would appear that the designer, at each

stage, chooses the solution having, in his estimation, the easier set of

subproblems. ''lh If the statement is meant to be a "rich" tautology, then

lhMarples, op. ci_!t., p. 60.
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it falls short, for one can always contend that in solving a problem--in

fact, any problem--he is choosing the easier set of subproblems without

telling us very muchabout the problem or the process. The point is that

without a definition of "easier," "subproblem," or "solution," amongst

other things, such statements are vacuously empty. Of course, whenMarples

implies that we can define "easier" in terms of a decision-tree and

certain strategies, he is to be commended. But this raises a second and

more crucial question. Whois it that defines the decision-tree?--the

engineer? his boss? his client? the researcher studying the process?

or perhaps, even somecombination of all the above parties? Basically,

who is it that gives the "givens" or knows the "knowns" underlying the

description of a design project in terms of a decision tree? Hopefully,

an answer to this question constitutes one of the contributions that this

particular study has to make. Briefly, our answer is that how and by

whoma tree is defined reflects the purposes of a particular study and in-

vestigator. Wemight expect, for example, that what a managerwould call

a "decision" might be quite different from what a designer himself would

call a decision. Most likely a managerwould have a different purpose

in studying a design project than, say, a designer interested in gaining

self-knowledge for self-improvement. As a result of their different

purposes, as well as their different training, background, and social

position, etc., they would be expected to observe and hence to gather

different "facts" about the design process. Thus, in a sense to be ex-

plained later, a "realistic" description of a design tree depends upon an

"enlargement" and "supplementation" of individual perspectives. Wemust

somehowidentify and bring together all the different facets for viewing

design in order to guarantee comprehensiveness.
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The samesorts of questions can be addressed to the notions of

what constitutes a "feasible" solution and a "best" solution. In our study,

it turns out that the various parties to a design have varying notions of

"feasibility," and "best"; in a sense, each player of the design gamehas

a different design tree.

In general, we mayask, what are the general kinds of variables

that influence the development of any particular tree? Howare criteria

developed, not only for conceptualizing what the problem is, but also for

conceptualizing what constitutes a solution? Howdo the different players

of the design game(an engineer, a client, and an organization) influence

the whole design process? As an example of a more specific kind of

question, is it possible for the engineer, client, and organization to

barsain amongst themselves over what constitutes an "irrevocable" decision

or an "inflexible" design criterion? And since one question leads to

another, we can also ask, what kinds of bargaining situations are there?

Does the criterion "inflexible" for one situation become more or less

"flexible" for another? These are some of the kinds of questions we will

consider later. We consider it to be the value of Marples' study that he

provided us with the necessary perspective for raising such questions; he

need not apologize for not having answered them. But then the answers

to such questions will also show, as Marples does not, how extensively

engineering design must be described in behavioral terms, and not Just in

technical terms. Because designis so extensively permeated by behavioral

factors, it is not unequivocally clear that while physical laws must be

fundamentally satisfied, administrative and abstract values maybe
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15
fundamentally compromised.

We will have more to say about how we will use Marples' study after

we have reviewed Ramstr_m and Rhenman's paper.

Where Marples only implicitly characterizes engineering design as

a problem-solving process, Ramstr_m and Rhenman make the characterization

explicit:

Engineering work is, to a large extent, complex problem-solving

as opposed to routinized and programmed decision-making (March
and Simonl6). As such, it shows basic similarities to other

fields of problem-solving which have been made the subject of

theoretical and empirical studies, such as the solving of mathe-

matical and social problems (Newell and Simon 17) and the treatment

of business problems (ClarksonlS). Engineering can thus be re-

garde_as an example of heuristic problem-solving (Newell and

Simon±I); that is to say, problems are often solved by means of

rules of thumb. The following illustrates the heuristics commonly

encountered in engineering work:

l) the technique of dividing the problem into subproblems

through the use of a means-end analysis;

2) the use of indirect evaluation criteria, which work as

operational subgoals;

3) the use of planning techniques, i.e., defining in broad

terms a certain course of action without specifying in

detail the program required for its achievement.

15Basically, it appears that there is a confusion over the different

senses of the word "must." If one has decided to use a particular ma-

terial (or if one is so restricted), then one must satisfy that material's

properties. Thus, the first sense of the word is factual. On the other

hand, the second sense of "must" seems to be normative. Why must we de-

cide to use this and only this particular material? Are there not other

materials that we could use? One must be careful to distinguish between

these two different senses of the word "must" in order to show the sense

in which the different meanings actually are interdependent. That is, the

factual does depend upon the normative but in a complicated way, and one

that demands analysis. Cf. C. West Churchman, Prediction and Optimal De-

cision: Philosophical Issues of a Science of Values.

16j. G. March and H. A. Simon, Organizations.

17A. Newell and H. A. Simon, "Heuristic Problem-Solvlng,"

Operations Research (January, 1958).

18G. Clarkson, Portfolio Selection: A Simulation of Trust

Investment.
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4) the replacement of optimal goals by goals with a lower level
of operation, i.e., a solution is accepted when it is con-
sidered 'good enough' or 'satisfactory,' even if it does not
represent an optimal result.19

Marples's idea of a "best feasible" solution (i.e., the notion

that a designer searches for an optimal solution) is replaced by the idea

of a "satisfactory" solution. In the language of March and Simon 20 the

preceding list of heuristics is characteristic of a system governed by a

"bounded rationality." This meansthat "only a limited number of possible

alternatives and factors in the environment which influence these alterna-

tives are taken into account in the course of the problem-solving

process. ''21 The consequenceis that "the [decisionS mechanismsdirecting

the decision-maker's selection and treatment of these different items are

thus of great importance. ''22 Ramstr_ and Rhenmanare, we might say,

merely illustrating the important influence of problem-solving variables

on Marples's critical design decisions. Consider what they have to say

about the implications of Bruner, Goodnow,and Austin's 23 work for design:

Time plays an important role in the problem-solving process; the
chronological order in which problems are analyzed and the order
in which impulses comefrom the environment have an important
influence on the results of the problem-solving activity. Further-
more, the decision-maker can, at any given point, take into ac-
count only a limited numberof aspects of the design problem. 24

19RamstrSmand Rhenman,op. ci___t.,p. 79.

20March and Simon, loc. cit.

21RamstrSm and Rhenman, loc. cit.

22
Ibid.

23j. S. Bruner, J. J. Goodnow, and G. A. Austin, A Study of

Thinking.

24Ramstr_ and Rhenman, loc. cit.
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Besides describing engineering design as a technical, problem-

solving activity, Ramstr_m and Rhenman note that design is also a group

activity carried out within the confines of an organization, at least for

the projects they studied. In many cases, if not most, the client is also

a member of that very same organization. As such, the organization deter-

mines the objectives and rules of procedure of the engineering and client

groups. For example, an organization specifies the legitimate channels of

communication between the engineering department and those departments the

engineering department is intended to serve; the organization, in essence,

defines the engineer's place within the engineering group and the engineer-

ing group's place within the organization. In sum, the formal and informal

aspects of organizations are expected to have an influence on design.

Rsmstrgm and Rhenman are thus explicitly describing the develop-

ment of an engineering design project in behavioral terms; it is a

problem-solving process that is governed by both social (i.e., sociologi-

cal and psychological) and technical factors. Perhaps it would better rep-

resent their position to say that while most aspects of engineering design

are definitely technical, there are also definite but separate behavioral

aspects. Let us enquire further into how they differentiate between those

aspects which are definitely technical and those which are definitely be-

havioral. The following statement not only represents an outline of the

ensuing analysis, it is also a su_nary of the analysis up to this point:

The ultimate control of the engineering process is with the

customer. The customer presents management with a specification.

This specification influences the aspects that management seeks

to control. The engineering unit then proceeds to solve the

design problems involved (controlling itself in a sense) before

finally presenting the production side of the firm with a manu-

facturing specification. The engineer is, however, controlled
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not only by management directives, but also by the norms of his

profession, the requirements of official control bodies, and
other similar considerations. 25

The accomplishment of the above, i.e., the translation from the

customer's specificaticns to hardware by means of engineering, is described

in terms of various "dimensions." First, there are the customer's needs

as expressed by his specifications; those dimensions or variables which

the customer uses in describing the project are referred to as the need

dimensions. Secondly, there are the dimensions that an engineer uses, the

product dimensions which describe the design object in terms a workshop

can understand, and hence, build; a blueprint would be a common example of

a project described in product dimensions. RamstrS_ and Rhenman note that

although both the customer and engineer refer to the same object, their

descriptions are nonetheless different because their purposes of descrip-

tion are different: the customer describes the object in terms of need or

use; the engineer, in terms of construction. Thirdly, there is another

set of dimensions which pertain to engineering; these are the engineering

dimensions which express the technical factors an engineer must consider

in translating a customer's needs into a working blueprint for a shop.

Finally, there are the control dimensions which management uses to manage

or control its engineering department; some specific examples of control

dimensions would consist of the kinds of drawing procedures a particular

organization would recognize and the kinds of support facilities it would

supply its engineers with.

Let us note that what Ramstr_m and Rhenman call produce and engin-

eering dimensions Marples calls engineering values; and similarly, what

25Ramstr_m and Rhenman, op. ci___t.,p. 80.



the one calls control dimensions, the other calls administrative values.

The translation is not one-to-one though, for where RamstrSmand Rhenman

have a category for the customer, Marples has a category for abstract

values, and the two are not necessarily the same. Abstract values can

refer no less to the abstract demandsof managementthan they can to those

of the client, or even, for that matter, to those of the engineer. What

Ramstr_mand Rhenmanhave done is to makeexplicit the introduction of

another player to the design game, the customer, and what Marples has

done is to introduce another dimension for characterizing the parties'

values, an abstract-concrete scale.

Now, which dimensions can we associate with the behavioral aspects

of design and which with the technical? It appears that the product and

engineering dimensions most clearly and unambiguously convey the purely

technical aspects, while the need and control dimensions convey the be-

havioral aspects of design. To this point we shall return later, for a

question we have is whether the differentiation is indeed so clear and

unambiguous. That Ramstr_ and Rhenmanthink so, we can infer from an

observation they make, that "the transformation from need dimensions often

has the character of a changeover from nonoperational to operational

concepts."26 Weshould note that the attempt to differentiate between

the concrete objects of the world and the abstract ideas and values of the

mind on the basis of operationalism has a long history behind it; 27 it is

not unique to the particular studies we happen to be reviewing.

26Ramstrgm and Rhenman, op. cit., p. 86.

27
Cf. C. West Churchman, Theory of Experimental Inference and

Prediction and Optimal Decision: Philosophical Issues of a Science of

Values; E. A. Singer, Experience and Reflection.

16
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[Ramstr6_ and Rhenman] summarize . . . as follows. The process

of problem-solving in engineering work can be described formally

as a transformation of the problem defined in the space formed by

the need dimensions to the solution given in the space formed by

the product dimensions. That is to say, problem-solving involves:
i) choosing relevant dimensions

2) assigning a value to these dimensions.

An essential characteristic of the problem-solving process is thus

the transformation of need to product dimensions, a transformation

which normally takes _ace via the utilization of control and en-
gineering dimensions.

"What general comments can we make about this paper? First of all,

is the ultimate control of the design process really with the customer?

By the authors' own admission, they observed that it is the engineer who

defines what the customer's real problem is, at least in the sense of

making the customer's needs "operational." The customer, it seems, retained

control only in the sense of forcing the engineer to keep coming back in

order to get additional information. This additional information allowed

the engineer to better define the customer's problem--the implication

being that the customer exercised control only because he was ignorant of

his needs. Presumably the process would have been much more efficient if

the customer really knew what he wanted. That the customer can terminate

the project we are not denying; what we are merely pointing out is that

the engineer has a great deal of control over the customer's exercise of

"ultimate control." As we will show later, the control over a project is

really shared between the customer, engineer, and organization, and that,

depending upon the circumstances, the engineer can make the customer ex-

ercise his "ultimate control" differently.

Secondly, the more general kinds of questions we raised earlier

about Marples's paper are equally applicable here. Who is it that defines

what the "relevant" dimensions of a project are? Does the customer solely

28Ramstrom and Rhenman, op. ci____t.,p. 81.
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define his need dimensions_ the engineer, solely the product and engineer-

in_ dimensions; and does managementsolely define the control dimensions?

%_hatis the relationship of the researcher? Does he held all the parties

by defining what their "true" dimensions really are? As the history of

science repeatedly shows, the "true" nature of a problem depends upon who

it is that defines the "problem," let alone the "truth. ''29

Finally, are the only behavioral componentsof the process to be

identified with the customer's needs and the administration's control

dimensions or can the selection and formulation of product and engineering

dimensions be equally described in behavioral terms? After all, according

to the hypothesis, engineering design i__ssupposedto be a problem-solving

activity through and through. Now if this is the case, then might we not

expect the formulation of product and engineering dimensions to be gov-

erned by problem-solving variables such as the search for. "satisfactory"

solutions rather than the search for the optimal solution? And might we

not expect that the search for any particular satisfactory solution will

be governed by the amount of oroblem-solving time available? Surely the

amount of available time must affect how the engineer can formulate the

engineering and product dimensions. Furthermore, since who it is that

defines a problem affects what the problem is, surely who the engineer

happensto be (i.e., his behavioral characteristics) must affect what en-

gineering and product dimensions are selected for consideration. Wecan

summarizethis part of the discussion by asking, What technical factors

govern the satisfaction of customer needs and what behavioral factors

govern the identification of engineering or technical variables? How is

29C___f. Churchman and Singer, loc. cit.; Thomas S. Kuhn, The Structure

of Scientific Revolutions.



19

a "transformation" of "needs" into "products" defined, how is it actually

accomplished, and who is it that is to define the criteria for describing

how the parties to a design actually proceed? How can the investigator

studying the process zuarantee that he has cartured the essential "trans-

formation" factors, namely that he has studied the correct variables in-

fluencing a basic design situation worth studying? As RamstrSh and

Rhenman themselves admit, our more exacting questions of their paper are

not mere academic exercises but have practical significance:

In practice, the solution of an engineering problem is not simply

a question of transformation from need to product dimensions.

The restrictions on engineering work imposed by the need or the

engineering dimensions are seldom so exacting that only one solu-

tion is possible in product terms. Some discretion is usually

left to the engineer, since the task, as defined in need dimen-
sions, can often be performed by several alternative products. B0

If an engineer has discretion, then he has the freedom to exercise

Judgment over a design. Design, in other words, is not merely a game gov-

erned solely by technical equations. It is the engineer and not the equa-

tions who does the designing. Either the engineer learns to manipulate

his equations in order to satisfy conscious (i.e., explicit) design ob-

Jectives or he is manipulated unconsciously by equations he does not

understand for purposes he does not intend to be accomplished. Thus, it

is not that engineering is not a technical activity, but rather that it

is a technical activity directed by a behavioral creature. All our

questions reduce to the following: What is engineering judgment, how is

it exercised, and how can it be studied?

It is said at this point that Marples and particularly RamstrSm and

Rhenman were taken seriously, and as we are suggesting, they were taken

30Ramstrgm and Rhenman, o_. cit., p. 82.
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much more seriously than they took themselves. If engineering design is a

problem-solving activity that can be characterized in terms of decision

processes, and if, as Ramstrom and Rhenman contend, heuristic programming

has been successfully used in other areas of decision-making, then why

can't we program engineering design? If a computer is particularly well

suited for handling decision processes in the form of tree structures, then

why can't we use heuristic programming to show how a design project is

developed, where the critical decisions are, and, in short, how the input

(the customer's needs) is transformed into a product by an engineer? As

the work of Newell and Simon, and Clarkson 31 shows, there is no reason

why we can not in principle program engineering design, except perhaps

for the point that Ramstr_m and Rhenman themselves raise, that "engineer-

ing work is, to a large extent, complex problem-solving as opposed to

routinized and programmed decision-making [underscoring mine]. ''32 But as

Newell and Simon, and Clarkson show, even non-routine tasks are program-

mable. Perhaps before we decide on principle what can or can not be pro-

grammed, we would do well empirically to see what can actually be accom-

plished.

This study is a report on the results of such a programming

effort. This study represents an attempt to describe the general factors,

both technical and behavioral, associated with the development of a par-

ticular engineering project. Such behavioral factors as the organiza-

tional environment, the social background of the client, and that of the

31Cf. Newell and Simon, loc. cit.; Clarkson, loc. cit.; see also

E. A. Feigenbaum and J. Feldman, Computers and Thought and A. C. Hoggatt

and F. E. Balderston, eds., Symposium on Simulation Models: Methodology

and Applications to the Behavioral Sciences for further applications of

heuristic programming and computer simulation.

32RamstrSm and Rhenman, op. ci__t_t.,p. 79.
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engineer were considered in order to showwhat effect they have upon the

decisions of engineering design. Not all of these factors have been pro-

grammed,at least not to the sameextent. Since our programming effort

originally began with the intent of seeing to what extent engineering de-

sign could be described solely as a technical problem-solving activity,

the behavioral aspects of design were not explicitly programmedper se

because they were not explicitly studied from the start. Since their

effect only becametruly evident in the course of the study, only their

implicit effect has been indicated. It should not be inferred though that

design as a behavioral activity is not programmable. In fact, we consider

it one of this study's major contributions that we show to what extent

engineering design is a behavioral activity, and as a behavioral activity,

it is programmable. Wedemonstrate this by showing the extent to which

the behavior of the organization, client, and engineer oermeate the entire

technical process. If we cannot program behavior_ then we cannot truly

program technique which is a result of that behavior. Note that we are

not implying that we have programmed all of the various aspects of an

engineering design project. We are merely saying that much which at a

first glance seems unprogrammable can be programmed. We will indicate

in the following chapters those areas out of the entire process which the

program actually represents.

We should also make it clear that we are describing the development

of a general method for studying the design process as much as we are

actually describing the development of a particular project. We contend

that not only is our method general but that it is also a more concrete

method for describing what "it" is that actually takes place during design.
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Perhaps we can best support our contention by contrasting our position with

that of Mar_les and of EamstrS_ and Rhenman. They essentially studied the

decisions of design by the method of description; i.e., they studied what

was occurring by having the persons involved makenotes of what was being

decided upon and the basis for their decisions. Wecontend that by pro-

grammingthe basis for such decisions, we have advanced beyond a mere

qualitative description to an explicit and more systematic modeling of the

process. Andas an explicit modeling of the process (more properly s_eak-

ing, a "simulation"), we contend that we are in a better position to under-

stand what "it" is than an engineer can be said to do. Since programming

forces one to becomeexplicit about what "it" is that he is observing,

describing, and programming, we have something more concrete and lasting

than a mere qualitative description of the design.

A final introductory word is necessary before we describe our project

and the simulation program which represents it. Wehave studied the design

behavior of a single engineer only. The job of computer programmingthe

decision rules or design heuristics of a single engineer is time-consuming

and tedious enoughwithout programmingthe other parties to the project,

let alone programmingthe behavior of other engineers for comparison.

Our contention, therefore, is not that our program represents the whole

of the design process as it is practiced everywhere. Instead we contend

that by programmingthe general factors that influence a single designer

we have a general representation of the individual's design behavior, and

as a general representation, the program can be used for comparison with

programs written for other individuals to get at the universal design

factors that designers universally consider. Perhaps we need not defend

our use of the word "general" any more than Marples who only studied a few

engineering projects and could nevertheless entitle his paper "The



Decisions of Engineering Design [underscoring mine]." Certainly the fact

that Ramstr_mand Rhenmanonly studied a few engineering projects didn't

prevent them from implying that engineering design could be generally

described as a problem-solving process. But more to the point, the fact

that most descriptions of engineering design are not even based on a

single concrete study of design does not prevent most authors from claim-

ing that they have a general method for not only describing design but

also for improving it.

In a later chapter specifically devoted to the methodology of simu-

lation, we will consider the foregoing issues in more detail. We will

also consider the thorny issue, which we have repeatedly raised, namely,

how the researcher can ensure himself that he has accurately "captured"

the situation so that he can be in a position to make accurate recommenda-

tions for improving the situation. Essentially, we propose that we

"sweep in" the research subject as a critic of the researcher; not only

does the researcher study the engineer, but the engineer, in some sense,

also studies the researcher and what the researcher thinks he has per-

ceived and programmed. We ask whether the engineer thinks that the

simulation is sufficiently accurate to accept it as a substitute for his

own behavior; in short, can the simulation program serve as a design aid

by becoming the designer?

In summary, we believe that our contribution to the understanding

of engineering design is fourfold: l) we are suggesting a general method

for modeling (simulating) engineering design; 2) we are proposing our own

methodological interpretation of what it means to "simulate" a system;

3) we are suggesting that engineering design is not Just a technical and

a behavioral process but that it is more properly speaking a behavioral-

23
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technical 33 process which cannot be studied as though it were one or the

other; and 4) we have used a specific study in order to develop our

general ideas.

33Cf. E. L. Trist, G. W. Higgin, H. Murray, and A. B. Pollock,

Organizational Choice.



CHAPTER II

THE TASK: PART I

In his book, The Desi6n of Social Research, Russell Ackoff speci-

fies the form which a scientific definition of property should take:

X has the property p if, when X is in an environment N and is

under stimulus S, X exhibits (or has a certain probability of
exhibiting) a property q or behavior b.

This means that, in providing a scientific [i.e., objective]
definition of a property, we would specify the following:

X: The class of things (subjects) to which the property can
be attributed.

N: The kind of environment in which X should be observed.

S: The kind of stimulus to which X should be subjected in the

specified environment N.

R: Response of the subject (X) to the stimulus (S) in the
specified environment (N).I

In our study, the object of interest is a mechanical design engineer.

The environment is a large university research lab, 2 and the stimulus is

a design specification. The responses or the "properties" of the engineer

that we wish to measure are the rules that he uses in order to transform

a design specification into a design object. The responses, in other

words, represent the engineer's design behavior. Finally, the computer

program that we've written represents the language in terms of which the

iRussell L. Ackoff, The Desisn of Social Research, p. 60.

2Cf.__G. M. Swatez, "Social Organization of a University Laboratory,"

Internal Working Paper #4h (April, 1966), Space Sciences Laboratory,
University of California, Berkeley.
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various components of our definition of engineerin_ design will be ex-

pressed. We probably can not overemphasize this latter point: the

program is the language in terms of which our model of design is expressed;

it is not the whole model itself. The program allows us to express more

precisely some of our model's workings.

Before we can discuss the program, it is necessary to have a gener-

al qualitative understanding of the design task, if only for the reason

that without some kind of qualitative description, the quantitative descrip-

tion which the program represents would be unintelligible. A general de-

scription is also necessary for other reasons. However precise the program

may be in representing some task variables, it is imprecise in representing

others. It is not as though we have been imprecise by conscious design

or through careless mistakes. It is Just that every study is limited in

(1) being able to identify all of the conceivably pertinent task variables

and (2) even if we could identify all the variables to begin with, we would

still be limited in being able to incorporate them all into our model.

Such practical considerations as the tractability, simplicity, and economy

of description and solution always limit the number and kinds of variables

an investigator models. 3 In our case, we have not been able to program

every pertinent design variable; one reason is that the task as a whole

3We face these considerations in practice because of the difficult

issues we are confronted with in theory. Consider that if a choice is

to be made between a model which is "simple" and one which is "true," then

is there any doubt over which we should choose? We should choose the

truth! But the answer is deceiving, since we often define as "true" that

which is "simple." As Goodman puts it, "simplicity is one test of truth;

but what is the test of simplicity?" For example, "is a genuine simplifi-

cation achieved by deriving mathematics from a few logical concepts at

the cost of three big volumes of complicated formulae?" Cf.Nelson Goodman,

"The Test of Simplicity," Science, Vol. 128 (October, 1958-7, p. 106h. In

Chapter IV, we consider the practical implications of this conundrum.

There the question becomes, how much of a situation must one model in

order for the model to be "realistic" and yet "manageable"?
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is Just too large for one investigator to research, let alone program in

detail. Even a single engineer's behavior is much too involved. For

example, we did not truly realize when we began our study the degree to

which one must program persons other than the engineer himself in order

to have a program of the enaineer's personal design rules. Apparently,

the properties (i.e., responses) of our single engineer are not Just the

properties of his individual self; as a member of an organization, the

engineer's responses are also the properties of his group self. h In sum,

an overview of the task is necessary before we can explain what the program

does as well as does not represent.

As we proceed throughout the body of the report, we will also find

it necessary to discuss the task more than once. Our first discussion

will be quite general, and, as the situation warrants it, our later dis-

cussions will become quite specific.

As already mentioned, this is a report of a case study of the ac-

tivities of a single mechanical engineer who works in a large university

research laboratory. The following description of his activities is

not only based upon formal interviews and observations of the engineer

but also upon informal interviews and observations as well. In addition,

what follows is also based upon interviews and observations of the engin-

eer's immediate boss, his fellow engineers, and finally even of some of

his clients, i.e., the physicists for whom the engineer designs.

bin Churchman's terms, the engineer's individual behavior is not

completely separable from that of the whole system. For a general dis-

cussion on the separability of systems, see C. W. Churchman, "On Whole

Systems," Internal Working Paper #31 (May, 1965), Space Sciences Labor-

atory, University of California, Berkeley.
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This report deals with the design of a pressure vessel for an ex-

periment in basic physics. In general, the purpose of an experiment is

to study the reaction of "target" particles to various nuclear stimuli,

i.e., in this case, high energy nuclear particles shot from an acceler-

ator. The target particles consist of pure protons and electrons in the

form of liquid hydrogen (LH2) at its normal boiling point. The use of LH2

imposes containment problems which make safe handling more difficult than

"ordinary" fluids. The normal boiling point of LH2 is 20.4 ° K or -422 ° F.

Its heat of vaporization is also extremely low (about 9 watt hours per

liter) as compared to, say, water. Because of its low boiling point and

low heat of vaporization, extreme measures are necessary in order to store

LH2 with minimal loss due to either boiling or vaporization. Normally the

LH2 is stored in a container within another container, the space between

containers being evacuated to about 10-6 mm Hg in order to eliminate con-

vection losses and to minimize residual gas conduction. Mechanical con-

nections between the two containers are also minimized to reduce heat

leaks by solid conduction. When these techniques are effectively used the

predominantly remaining heat input to the _2 is by radiation. Black

body radiation from room temperature to -422 ° F is about 3h watts per sq.

ft. or 4 liters of LH2 boiled away per hour per sq. ft. of cold surface.

(Since LH 2 in laboratory quantities costs about one dollar per liter, if

an experiment runs continuously for a month or more, the cost of L_2 con-

sumed can be important. Generally though, the cost of the LH2 is not the

most important cost of an experiment.) Heat loss due to radiation is sig-

nificantly and most easily reduced by loosely wrapping several very thin

low emissivity shields around the colder L_2 vessel.
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Thermal requirements by themselves almost dictate the use of a

double-walled evacuated container for the storage of the LH 2. The engin-

eer, in effect, has interpreted the thermal requirements as implying the

construction of a dewar flask, i.e., a LH 2 container within an outer con-

tainer. If only one container were used it would have to be inordinately

thick in order to reduce the heat transfer to tolerable levels, and, in

general, a thick container would not be desirable because of the greater

possibility of nuclear scattering, i.e., the walls of the container could

interfere with the production and detectability of the target reactions.

This double insulation scheme also reduces heat flux levels low enough

to minimize bubbling (gas generation) within the 1142. This is important

because the physicist must know the average density of the target (LH 2)

particles. Bubbling makes the calculation of an average density unten--

able; the LH 2 can bubble more in one area than in another.

Other considerations also affect the design of the outer (the

pressure vessel) and inner containers. During operation, the inner LH 2

container is subjected only to low internal pressure and can generally

be made negligibly "thin" as compared to the outer vessel. The inner

vessel is usually made of a low nuclear cross-section plastic film (see

Fig. 2). This kind of film offers little resistance either to the inci-

dent nuclear stimuli or to the resultant nuclear reactions which are a re-

sponse to the stimuli. The same cannot necessarily be said of the outer

container, the pressure vessel itself (see Fig. 3).

LH 2 has a wide explosive range when mixed with air. As one possible

safeguard against a dangerous accident, the laboratory safety committee re-

quires that the outer vessel be designed to withstand an internal pressure
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5of 150 psi. An additional requirement on this vessel is that it with-

stand an external buckling pressure of 30 psi, a load which is roughly two

times its normal vacuumload of lb.7 psi. By comparison, the inner LH2

container is only designed for an internal pressure of h0 psi for normal

operation at lb.7 psi. The usual inner container would be destroyed with

even the slightest external pressure differential.

As a result, the engineer must design under two conflicting speci-

fications: (1) In order to satisfy the physics requirements, the pressure

vessel must be "thin enough" to allow nuclear particles to pass in and out

with minimuminterference. If the outer vessel is "too thick," the par-

ticles' interaction with the LH2 will be obscured by their interaction with

the vessel itself. For the physicist, the vessel constantly threatens to

emergefrom the background to swampthe foreground. That is, if the vessel

is too thick, the physicist ends up studying the vessel's reactions to

the nuclear stimuli instead of the LH2's. (2) At the sametime, in order

to satisfy the laboratory's safety committee, the vessel must be thick

enough to withstand the previously mentioned internal and external forces

the vessel might be expected to incur in the course of its operation.

Other design parameters are also in conflict. The outer pressure

vessel must be physically large enough to enclose the inner L_2 container,

its insulation, and plumbing without contact (see Fig. h). (The plumbing

consists of the "fill" and "boil-off" lines. The "fill" lines replenish

the supply of LH2; the "boil-off" lines vent away the gaseous H2 produced

during operation, thereby preventing a dangerous pressure build up.) At

5Cf. "Procedures for the Design and Operation of Hazardous Research

Equipmen_?," UCRL - 9711, University of California Radiation Laboratory,

Berkeley.
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the same time, the outer pressure vessel must also be small enough to be

clear of the other experimental equipment and measuring instruments such

as magnets, spark chambers and nuclear counters which usually surround

the vessel (see Figs. 5 and 6). Here, as before, the pressure vessel

must satisfy the conflicting requirements of each party to the design.

For the engineer, the larger the vessel, in general the easier it is to

build the system initially as well as to service it later. A larger

vessel gives the engineer easier access to the delicate inner LH 2 container

for service replacement or repairs. One of the ways of building "larger"

vessels depends upon the physicist being able to tolerate openings and

heavy massive flanges on the pressure vessel. Unfortunately large open-

ings and flanges on the outer container can only be tolerated in a few

regions of the experimental space, and the point is that the tolerable

regions may not be conveniently located with respect to the vessel so

that the engineer can effectively utilize this space. In any case, it's

not that the engineer Just doesn't want to build smaller vessels for the

physicist. Smaller vessels can always be built the hard way, i.e.,

without using openings and flanges, by constructing the outer vessel

directly over the prior assembled inner container. Rather, it is the

case that smaller vessels can also turn out to be impractical and incon-

venient for the physicist as well. If the inner container ever has to

be replaced or repaired while in service, such service can he costly. The

inner container replacement can take anywhere from one to three days for

even "accessible" flasks with machine down time going at the rate of about

$i,000 a day.

Conflict and compromise seems to be the essence of the process.

For every design variable, what appears as beneficial from one point of

view appears as detrimental from another. Consider that if from the
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engineer's point of view larger flanged vessels tend to be easier to

build and to service later, they also tend to be thicker, and in this

sense, from the physicist's point of view, they may be even less prefer-

able. But then, to introduce another design variable, the easier it is

to build a vessel the less that vessel costs. It may be quite expensive

to build any particular small thin pressure vessel, and this is the point,

the physicist has to make a trade-off between size_ thickness_and construc-

tion cost; he has to determine the relative importance of these variables

for his specific experiment. In addition, consider another variable like

choice of materials. In general, the engineer chooses between 6061 alumi-

num, 300 series stainless steel, 6 or a low alloyed beryllium. Yield point

wise, the beryllium is stronger than either the heat-treated aluminum

alloy or the annealed (i.e., non heat-treated) stainless steel. (300

series stainless steel is used because of its non-magnetic properties,

and 300 stainless doesn't respond to heat treat; there is no heat-treat

strengthening effect.) Beryllium also has a higher modulus of elasticity

than either the aluminum or steel has; this is important for meeting the

30 psi external load requirement. And beryllium (Be) also has a lower

density and atomic number than the others. All these factors would appear

to suggest Be as the better design material for the physics requirements.

But like every other variable, this is not the whole story.

Be is extremely brittle and notch sensitive and thus cannot be

formed by conventional techniques. Virtually all Be parts, like spheres

(see Fig. 5), for example, would have to be initially machined from a much

6For the properties of 6061 A1 and 300 stainless steel, see Alcoa

Aluminum Handbook, Aluminum Company of America, 1959, p. 38.
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thicker forging and then reduced to whatever final thickness was desired

by chemical milling. Since this final thickness can be as low as 0.005 '7

to 0.O10", a great deal of reduction can be involved. But the real point

is that compared to the A1 or steel, Be forging stock is very expensive.

Be stock costs roughly $100 to $150 per pound. With suitable facilities,

the chips removed, if they are not, for one, contaminated by cutting

fluids can have a salvage value of about $15 to $20 per pound. But even

when taking salvaged material into account a thin Be vessel can still

cost on the order of several thousands of dollars per pound by the time it

is reduced to its final dimensions. In comparison, the ratio of the bulk

material cost (not the final cost of the reduced vessel) of Be to stainless

steel or A1 is anywhere from 50 or 100 to 1.

In addition to its high bulk material cost, Be presents technical

difficulties as well. Machining a thin, say 0.010", vessel from a much

thicker stock billet or forging assumes, in addition to the basic assump-

tion that chemical milling can even accomplish the job, that whatever

voids or imperfections exist in the Be stock are small and insignificant.

This means that suitable sensitive flaw detection techniques must be used

prior to machining, or even better, prior to purchase with the properties

guaranteed by the manufacturer. This again adds to the cost of using Be.

In contrast, there is little risk or sunk cost involved in forming thin

A1 vessels by deep drawing if the stock is inspected for flaws prior to

drawing. A technique used at the Laboratory allows the forming of A1

hemispheres less than 0.001" thick at a rate of about 4 to 6 per hour with

essentially zero rejects.

In the design of pressure vessels, or any device for that matter

which is subject to high stresses, a more significant property than yield
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strength or ultimate strength is the allowable design stress. The allowable

design stress of a material can be thought of as that stress level, i.e.,

that fraction of the yield stress or ultimate stress, at which a particu-

lar material in a particular form, e.g., rod, sheet, foil, plate, forging,

etc., can be used with little or no chance of failure due to defects in

the original material or manufacturing process. If the material is newly

developed and little data is available on its properties, the engineer

feels that he must use that material with caution, i.e., its allowable de-

sign stress must be kept low. For Be this means that although it can have

a higher yield or ultimate strength than either the AI or stainless steel

under consideration, Be has a higher safety factor attached to its use.

All the above factors and others (which we shall discuss later) mitigate

somewhat Be's strength advantage over 300 stainless steel and 6061 AI.

Again, the physicist has to make a trade-off between the strength of a

material and the cost of using that material; or, what amounts to the same

thing, the physicist must trade-off the thinness of a vessel against the

cost of getting that thinness by using a particular material.

In general, every design variable affects every other variable.

The optimization of any one variable usually means the sub-optimization

of another. As a result, there exists no desi6n which is truly optimal

in every sense. There exists, instead, many design alternatives (in

Marples's language, "proposals"), each having its own particular advan-

tage; i.e., some proposals are more advantageous to the engineer; and

others, to the physicist. A brief summary of the relationships may further

serve to emphasize these points: while large thick vessels tend to be

cheap, i.e., construction-wise, they tend to be expensive material-wise

(simply because larger vessels just use more material than smaller
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material-wise, construction-wise they tend to be more expensive than large

thick vessels. As a further illustration of the complexity and confound-

ing of the relationships which are involved, there is also the material

dependence we mentioned earlier while large beryllium vessels are thinner

than large 6061 aluminum vessels, beryllium vessels are generally much

more expensive than aluminum vessels. Hopefully, herein lies an area to

which a simulation study of design can make a contribution, namely, making

more precise (where mere words alon______efail) the complex relationships a-

monist numerous design variables. 7

While the foregoing remarks have been mainly directed toward iden-

tifying the task's technical variables, at the same time, we could not

help identifying certain behavioral variables. Recall that some alterna-

tives are more "advantageous" to one party's "point of view" than to the

other's. Recall also that the physicist must make a "trade-off" between

such factors as cost, thickness, and size, if he wishes to get the design

alternative that best suits his "needs." If the physicist doesn't make

the trade-off "explicit," then the engineer will be forced to make it for

him in order to build some alternative. Unfortunately, what the engineer

may consider most important to optimize may not be what the physicist him-

self would have optimized. In a sense, we are merely re-emphasizing our

previous discussion of Marples and of Ramstrom and Rhenman. There, we

7As a further illustration of the clumsiness of words, consider

that if by "large" we mean, in addition to a vessel which is large in

diameter, one which is "long" in length, then it is not always true that

large vessels by virtue of their largeness alone are necessarily thicker

(or at least "much" thicker) than smaller vessels. Through the addition

of "stiffeners" (i.e., if they are possible), vessels which are large in

the sense of length may be made thinner than the design thickness which an

unstiffened vessel requires, i.e., a vessel with uniform walls.

hO
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pointed out that wh___ooitis that defines a problem determines not only wha____t

is solved but also how it is solved. In terms of our present discussion,

we explore this statement's consequences further by showing that how the

engineer and the physicist communicate to one another affects not only the

formulation of their design requirements but also what is built.

A project usually begins with an informal meeting between the en-

gineer and physicist. Their first meeting will most likely spell out in

quite general terms the necessary support services required of the engineer:

an LH 2 container, a pressure vessel, and supporting service equipment.

Although it varies from experiment to experiment, probably the most

definitely known requirement is the date of the experiment. Since the

demand for using the Laboratory's nuclear accelerators ("machines") is

intensely competitive, the log of experiments is carefully planned in ad-

vance.8 As a result, the engineer will most likely need to have a working

design within a rather rigid deadline ("rigid," that is, as compared to

other requirements) which, on the average, is anywhere from three to six

months. Of those additional requirements that are explicitly defined

(most requirements are defined implicitly), they are either sketched (i.e.,

communicated) on a blackboard, sketched on a drawing, or verbally dic-

tated to the engineer. In general, if all the physicist's requirements

were actually spelled out, the following might be specified: the location,

size, and material properties of the LH 2 container; the location, size,

or space restrictions on the vessel and its associated support components

8More experiments, it would appear, are proposed for the Lab's

machines than could possibly be accommodated. As a consequence, how

machine-time is allocated is in itself an interesting problem and one

whose solution reveals many pertinent features of the Laboratory's poli-

tical and social organization. C__[f.Swatez, o_. ci___t.,pp. 87-96.



(these requirements are necessary in order to prevent the vessel from

interfering with the production and measurement of the resultant nuclear

particles)_ and finally, and perhaps most important of all--the physical

and material properties of the vessel itself, i.e., its maximum allowable

thickness, its uniformity, its density, and its atomic number. Whether or

not all these requirements are explicitly considered depends upon, amongst

other things, the engineering experience of a physicist. If a physicist

is experienced, either through having done design himself or through

having worked with engineers before, he can perhaps recognize the im-

portance of spelling out certain design requirements in order to get the

physics he wants. 9 Another factor affecting the formulation of a physi-

cist's design requirements is the degree to which a physicist has concep-

tualized his experiment. If a physicist's experiment is well-formulated,

then the space requirements of the LH 2 container and vessel might be given

down to the nearest inch or better. Even the vessel's detailed properties

might be precisely defined. For instance, if a physicist wishes to ensure

himself that the vessel does not seriously obscure his view of the nuclear

reactions of the LH2, then he may wish to specify the specific physical

and material properties of the vessel which his experiment requires.

If an experiment is still tentatively conceived at the time the

engineer is called in (and it seems that many experiments are), then

almost all of the physicist's requirements will be expressed quite gener-

ally. In fact, since most of the time the requirements for most variables

are loosely defined (a physicist will say to an engineer, "Make the vessel

9We point this out because there are a number of graduate students

at the Lab who may have occasion to use the services of an engineer.

Being less experienced than their doctoral counterparts, they don't always

exactly know what it is they need and hence what it is that they need to

request of an engineer.

h2
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as thin and as small as possible"), one of the engineer's biggest problems

is to define what a physicist's problem really is and hence what he really

wants. And since almost every experiment is tentative in some respects,

the engineer constantly faces this problem. Being a well defined experi-

ment we emphasize is not an all or nothing state of affairs. Some vari-

ables are always more tightly defined than others, even up to the point

of construction and actual use of the equipment. In sum, while the

meetings between the engineer and the physicist are informally conducted,

some of their communication is actually formal in the sense that some of

the design variables areexplicitly defined. But apparently much is also

informal in the sense that many variables are left undefined or implicitly

defined.

What we have been saying is that a statement of the desi6n require-

ments can not be completely removed from a description of the design

process as a whole, l0 In those informal meetings between the engineer and

the physicist, a lot more than the communication and formulation of design

requirements takes place. A lot of crucial designing takes place.

Consider that even if it can not always be explicitly defined, one

of the most crucial design parameters is the vessel's thickness, or more

accurately, its thickness multiplied by its material density. In a sense

Dt (p = the material's density; t = the vessel's thickness) is a measure

of the nuclear barrier that the vessel imposes between the measuring in-

struments and the LH 2. Now, at that first meeting when the physicist says,

"Make the vessel as thin as possible," the engineer has to get some idea

10In Churchman's terms, we need to understand the whole system

before the behavior of a subsystem can be adequately described, let alone

truly understood. C__ff.Churchman, loc. cit.
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of how thin is thin. And, of course, the whole problem is that "thin is

not thin" in isolation from other variables. Even if the engineer can

always build a low pt vessel, i.e., if the physicist is willing to spend

a lot of development time and money for, say, using Be, a low ot may still

only be bought at the expense (both literally and figuratively) of other

design parameters. And it doesn't help to resolve matters if we bring

up an earlier point; at this time, the physicist's initial experimental

conditions are most likely only loosely formulated. The engineer and the

physicist both really know that the experimental conditions can change,

and sometimes, change drastically. Yet, the engineer has to give some

estimate of the pt, cost, and size of vessel he can deliver in order to

get the whole process going. Unfortunately, the engineer may be rigidly

held to his estimate or to the physicist's request. This is when good

engineers learn to become good salesmen. The engineer has to point out

that his is only an estimate. Not only is it not a trivial task to do an

instant pt, cost, and size analysis in one's head, it is also not a trivial

task to construct a well designed vessel. The engineer, in short, has to

sell the idea to the physicist that his is not merely a trivial "nuts and

bolts" task but instead a complex optimization problem which demands the

physicist's understanding. Again, since there are many design alterna-

tives, the physicist should not be too surprised if later analysis does

not confirm the engineer's first estimate or the physicist's first re-

quest.

At the heart of the matter is what the physicist really wants.

After all, it takes time and money to design and build a new vessel from

scratch, and the thinner the vessel the higher the premium one pays for

each additional increment of "thinness." This is when an engineer might

W
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ask a physicist if he could use an old experiment's vessel, II because if

the physicist can, the engineer considers his Job done. The engineer has

provided the physicist with a working vessel with a minimumexpenditure of

the Lab's time and money. The engineer often says:

If a garbage can would work, l'd use it. My Job is to give the
physicist something which works and which satisfies him, not to
design the most perfect vessel from scratch.

Even though later design stages are marked by formal analysis and

engineering drawings, this still does not guarantee the engineer that he

will experience no further design changes. Even how far he will proceed

with his formal analysis is determined by the degree of formalization of

the experiment. Yet, here too, the engineer must begin to plan ahead and

anticipate "bugs" as well as reconsider his deadline: Design time can

take anywhere from one day, for modifying an existing vessel, to two

months, for designing a completely newvessel. Detailing and fabrication

time is anywhere from one week to three months, and it takes about two

weeks to test and check out a finished design. Thus, it may take as

little as two weeks to get a working design or as long as five and a half

months. If the design is complicated the time estimate can easily be

doubled. The engineer's working rule is that on the average it will take

six months and $10,000 to go from blackboard to finished product.

At this point we can perhaps best explain one of our earlier objec-

tions to Ramstr6mand Rhenman. It seemsto be a gross understatement to

say that an engineer's job is merely one of "transforming" a customer's

needs into a product. The simple word "transform" hardly does Justice

to the richness and complexity of the interaction that takes place between

ll01d vessels are stored in a warehouse for Just this possibility.
Along with the existing part, there is also a blueprint of past designs
on file.



the engineer and the physicist. Not only does the engineer transform the

physicist's requirements into a product, but he can also transform the

physicist's requirements into other requirements. If by giving require-

ments a physicist acts to define an engineer's problem, then to the extent

that an engineer also acts to define a physicist's problems, the engineer

also gives physics requirements. By designing the physicist's vessel, the

engineer is also helping to design the physicist's experiment, and perhaps

more than the physicist would like to admit. The point is that in order

for both parties to get what they need (the physicist, good engineering;

the engineer, good physics requirements), they both need to (better)

understand each other's Job, i.e., what the other party is trying to ac-

complish. The engineer says:

If I knew more about the physics of the experiment and what

the physicist was trying to do--what's really important to

him--I could probably give him a much better design.

The engineer and the physicist need more information than their isolated

requirements provide; they need a knowledge of why certain requirements

are much more important than others. And what we are suggesting is that

perhaps one way a physicist or engineer can better understand his own job

is to understand the Job of another. If you want to understand the

technical aspects of design, study the behavioral aspects--and vice versa.

In sum, the basic defect of Ramstr_ and Rhenman's schema is that they

assume that both parties already kno_____wtheir requirements to begin with.

But we are suggesting that the design process is as much an exercise in

defining and understanding one's own requirements as it is a process of

designing and actually building something.

It may help to give a further example as to the necessity for in-

creased mutual understanding between the parties to a design. Consider

26
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that if a physicist defines his requirements unrealistically, say, too

narrowly, then he may, in effect, get unrealistic engineering of his own

doing. In other words, if it makes an engineer's job more difficult if

he has to assume what is of importance to a physicist, then it doesn't

necessarily make it any easier for the engineer if the problem is over de-

fined. One extreme doesn't cancel the other. For example, some physi-

cists go so far as to do their own engineering; they almost present the

engineer with a finished detailed drawing of what they want built. In

such cases, the engineer is reduced to a bystander who mechanically

carries out orders. Of course in such instances, the engineer is not

really an engineer; he neither designs nor evaluates the physicist's ex-

perimental equipment. But if that's what a physicist wants or thinks

that's what he needs, then that's what he gets. As the engineer's bcss

(himself an engineer) puts it:

We usually give the physicists what they want, but it is often

_9_ W hat they need (emphasis added).

Design, to put it bluntly, is not always a rational game played

by men of good will. It's not that both parties are basically uncooper-

ative, deceiving, and antagonistic. Nothing could be further frGm the

truth. It's instead the case that engineers and physicists do not always

understand one another and, as a result, the possibility is present for

more than just a slight misunderstanding to occur. For instance, if an

engineer's design deadline is quickly approaching and the physicist has

still not allocated his experimental space amongst the engineer and other

support personnel, then one tactic all engineers (and not merely this

particular engineer being studied) have at their disposal for "firming

up" their requirements is to force one of their design proposals by making
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a detailed and finished drawing of it. It can be pretty difficult for a

physicist to reject a finished drawing that looks ready to be built. Put

otherwise, here is an example of what Marples might call a critical design

decision that is not taken by someone "higher up" in the organization.

It is also an example of a case where a critical decision is not completely

governed by rational factors.

We can also raise a much more specific objection, one which applies

to Marples. It is not always true that safety requirements are either

less inflexible than engineering requirements or even inseparable from

them. Here we have a case where the safety requirements (150 psi internal

and 30 psi external) are the most well known design requirements.

Relating what we have had to say thus far to Ackoff's model for

scientific definitions, the stimuli that the engineer transforms into a

product are much more complicated than some formal specification list.

Much more than a simplified stimulus-response model is operating. Th__e_e

stimuli are part of the whole process: the engineer's face to face inter-

action with a physicist; the engineer's design strategies; in short, th___e

stimuli are almost inseparable from the engineer's responses. In this

sense, this report is as much a study of how we can identify the stimuli

to which the engineer responds, as this is a study of those responses

themselves. In fact, our final chapter will constitute a recommendation

as to the form and kinds of variables a design specification llst should

take.

In order to be able to discuss the task in more precise and tech-

nical terms, in the next chapter we will discuss the program itself.

Although as we have mentioned, the program does not represent all the

aspects of the design process (namely, the complete development of a



project from start to end), the program is quite good in simulating how

alternative designs are conceived once the necessary requirements which

define the physicist's needs are given. Thus, by describing the program

we will also be describing the kind of input information (stimuli) the

engineer requires in order to not only start a design but more importantly

to be able to select a "best" alternative to build.

Before we end this chapter we summarize the general kinds of re-

quirements a design might be subject to. In general, every particular

design will be subject to different subsets of these requirements. As we

have noted, these requirements can neither be properly understood nor

separated from the process which defines them and continue to retain their

meaning.
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General Desisn Requirements

Physics Requirements (as the engineer conceives of them; not

necessarily as the physicist conceives of them).

A. A definite geometrical LH 2 container (flask) to satisfy the

requirements for a particle interaction experiment.

I. Size

a. length
b. width or diameter

c. height or diameter

d. tolerances on the above (to see if existin6
flasks will suffice)

2. Shape

a. flatness of flask ends (i.e., domes)

b. flatness of flask sides

B. Layout and space restrictions on the associated target (i.e.,

the LH 2 flask) components because of:

I. Limited space itself

2. Optical path requirements for photographic and counting

equipment

3. Particle path requirements
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II.

C. Material restrictions on the target flask, heat shield,

and vacuum Jacket (i.e., the pressure vessel)

i. Maximum allowable 0t (density x thickness) consistent

with shape (see I. A. 2. above)

2. Maximum allowable pt/RL or ptA, where A = atomic number

and RL = radiation length in gms./cm.

3. Uniformity of thickness in "thin" areas, i.e., the maximum

allowable variation in thickness in a formed head

h. Optical transparency, i.e., minimum allowable optical

transparency at a particular wavelength

D. General Requirements

1. "Trouble free" operation

2. A definite due date--in general, a "working" target

at "any" cost

3. A "bubble free" flask

h. A target "fixed" in space with respect to thermal and

gravity loads

5. Fixed cost--maximum amount physicist can afford to pay

meeting all other requirements

Engineering Requirements (again, as the en6ineer sees them_ not

necessarily as the Lab's engineering committees visualize them)

A. Safety--the Lab's requirements

i. 150 psi internal pressure test on vacuum Jacket

2. 30 psi external pressure test on vacuum Jacket

3. 40 psi (or twice the working pressure, whichever is

greater) on LH 2 flask at its operating temperature

[on uncomplicated designs with thermally matched

materials, an LN test (77 ° K) or an LH 2 test (h° K)

may be substitute_-_or an LH$ test at 200--_
h. Twice the working pressure (internal and external) on

all other components (valves, lines, LN Jacket)

5. Proper use of materials, e.g., general precautions with
brittle materials

B. Overall structural integrity due to other imposed forces:

1. Thermal forces acting on the system with subsystem

parts with or without constraints

a. proper use of brittle materials; e.g., thermal

strains do not exceed allowable elongations

2. Magnetic

3. Earthquake

a. design of stands and supports to reduce tipover,

general instability



C, Other engineering (i.e., other engineering support groups'

requirements)

i. Layout and space restrictions imposed by support equipment

(usually outside of the pressure vessel)

a. spark chambers

b. scintillation and other counters

c. magnets

d. shielding

e. movement of the above

2. Material restrictions imposed by the above,

(i.e., II. C. i.)

a. optical transparency

b. magnetic permeability

c. density, thickness, atomic number

D. General personal requirements specific to the engineer himself

I. The design be as "simple" as possible

a. minimize irreversible fabrication sequences

b. "easy" to assemble and disassemble for service

c. "easily" changed, i.e., reusable on other similar

experiments

d. flexible for above (i.e., II. D. i. c.)
e. "low" cost

2. Reasonable thermal efficiency

ao comparable boil-off rate (or better) without

excessive costs or complications to previous

designs

3. Vacuum tight

a. maximum leak rate not to exceed capabilities of

standardized pumping system

_o Acceptable base pressure required for II. D. 2.

a. l0 -5 to l0 -6 mm. Hg. maximum to make residual gas

conduction negligible compared to black body radiation

and solid conduction heat leaks.

5. Stable operation

ao adequate thermal shielding to ensure stable

operation, i.e., to prevent LH 2 level surges

by geysering
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.

Acceptable simulation of LH 2 operating conditions by an

LN or LH 2 test

7. Confidence in:

a,

b.

C.

analysis (degree of simulation, credibility of
references)

past designs

commercial components

(i) established reliability

(2) cost

(3) availability off the shelf 12

8. Check against previously established "reliability"

12This consideration can oftentimes be crucial. Many more items

are displayed in commercial catalogues than are readily available. The

engineer notes that literally any small outfit can put out a catalogue

without having even a single item in stock. One has to learn which

suppliers can actually deliver or else be prepared to pay the penalty

for lost time and money while a "paper" company makes their catalogue

items. Good designers know their commercial suppliers.



CHAPTER III

THE PROGRAM (DESIGN) AND THE TASK: PART II

In the last chapter, we described the engineer's task in very

general terms and with about equal emphasis on the task's behavioral

aspects as on its technical aspects. In this chapter, we mainly em-

phasize the technical. For the most part, we do so by explaining the

task in terms of the program; the program is to be our vehicle for de-

scribing the task's technical features. In a later chapter, when we make

a detailed comparison between the program's behavior and that of the en-

gineer's, we shall have more to say about the task's contents. At that

time, we shall once again elaborate on the Job's actual technical and be-

havioral features as compared with those features the program simulates.

Before we describe the program, a few preliminary remarks are

necessary if we are to understand the program's development and present

structure. First of all, DESIGN is the result of a cooperative venture;

it represents the combined efforts of this investigator and that of the

subject to write a program about the subject's own design behavior. In

the sense that he was a constant critic of the program's logic, the en-

gineer, even though he did none of the actual programming, was nonetheless

an active participant in certain phases of the program's development.

This was deemed advisable for two reasons: (1) the necessity of securing

the engineer's constant check on the author's inferences and formalizations

of the engineer's design rules, and (2) the need for maintaining the en-

gineer's active interest in an extended, detailed, and probing study of
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this nature. This last reason also points to one of the most desirable

features of a computer simulation study of this kind; it "almost" sells

itself. At the conclusion of this investigation, the engineer and the

organization will be left with something of more immediate and practical

use than a mere theoretical analysis of one engineer's Job. (In the eyes

of the engineer and organization, most academic analyses of engineering

design probably further the goals of the investigator more than they

further the immediate goals of the engineer and organization.) Hopefully,

we will leave the engineer and the organization with a new design aid,

which by virtue of the engineer's active participation in its development,

both the engineer and the organization may be more prone to accept. We

are contending then that in our case it was not only relatively easier

to sell the idea of a computer simulation study to begin with, but that

a study of this nature may also help to make it easier for both the en-

gineer and the organization to adopt this study's general conclusions.

The reason for the engineer's active participation in the program's

writing can also be understood in terms of the study's progress. In the

beginning when progress was slow, the engineer (as well as this researcher

himself) experienced difficulty in believing that this study's over-all

goals would ever be attained. The attainment of the study's goals seemed

almost impossible. However, with increasing success, and particularly

with the actual running of the program, the engineer soon developed a

i
The issue is one of the implementation of this study's conclusions.

In this sense, our prediction is that a subject which has had either the

opportunity to participate in a study's formulation or who stands to re-
ceive a useful tool as the result of that study's findings will be more in-

clined to accept that study's over-all conclusions. For a general dis-

cussion of the concept of implementation, see C. W. Churchman and A. H.

Schainblatt, "The Researcher and the Manager: A Dialectic of Implementa-

tion," Management Science, Vol. 12 (February 1965)_ see also, P. Ratoosh
and C. W. Churchman, "Innovation in Group Behavior," Center for Research

in Management Science, Working Paper No. i0, University of California,

Berkeley.



stake in the study. Essentially, the program, if successful, would rep-

resent an addition to his repertory of design aids. But if so, then

this meant that the engineer also had a stake in the program's formula-

tion. Thus, although in accordance with the initial terms of the project,

this investigator always retained final control over the study's over-all

methodology and goals, a good part of the study's control was shared in

the interest of making the program of more permanent and immediate use to

the engineer. The point is that this research strategy decisively

affected the program's structure.

In a very real sense, both parties, investigator and subject,

studied each other. Through the use of extensive informal interviews,

tape-recorded subject protocols, and constrained problem-solving inter-

views, 2 this researcher inferred and then formalized the engineer's design

rules. At the same time, to the extent that the engineer checked some of

the author's inferences and formalizations by making some of his own, the

engineer (albeit informally) studied and confirmed the author's fommula-

tions. This check not only revealed the engineer's evaluations of the

program's adequacy but it also gave further knowledge of the engineer's

actual design rules. The engineer could point to something concrete and

begin to say in which ways his actual behavior was different. In Chapter

2Since these methods have been extensively described elsewhere, we

merely note their use in passing. In Chapter V, we will give some ex-

amples of the subject's protocols. For a discussion on the place of these

techniques in simulation studies, see G. P. E. Clarkson, Portfolio Selec-

tion: A Simulation of Trust Investment; see also, G. P. E. Clarkson and

W. F. Pounds, "Theory and Method in the Exploration of Human Decision Be-

havior," M.I.T. Research Paper, School of Industrial Management; A. Newell

and H. A. Simon, "The Simulation of Human Thought," The RAND Corporation,

P-173_ (June, 1959); A. Newell and H. A. Simon, "Computer Simulation of

Human Thinking," The RAND Corporation, P-2276 (April, 1961); H. A. Simon,

"Modeling Human Mental Processes," The RAND Corporation, P-2221 (February,

1961).
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V, the engineer's evaluations will be carefully examined in order to pro-

vide a test of the program's validity.

There is also another way to characterize some of the decisions

which decisively influenced the program's development. Basically, these

decisions were of two kinds: (i) those which influenced the program's

content, and (2) those which influenced its structure (note: these two

classes are not, nor were they meant to be, mutually exclusive in any

strictly formal sense). The decisions which pertained to content essen-

tially affected which factors or variables the program included, while

the decisions which pertained to structure affected how the variables were

included, i.e., how they were represented. Both kinds of decisions imply

that the program, like every scientific model, is in some respects an

idealization of the engineer's actual design behavior. Because the program

was written in a cooperative spirit, some of the idealizations (i.e.,

program rules) are based on the mutual agreement of both this investi-

gator and the subject. Other idealizations more nearly represent one

party's point of view than they do the other's.

As an illustration of these kinds of decisions, consider the

following: while the engineer's task is to design and to supervise the

construction of an LH 2 flask, a pressure vessel, and its associated

support equipment, the program simulates only the design of the pressure

vessel. Here is but one example of what the program does no_}_tconsider

out of the host of factors which it could have considered. Here is

where one must also understand the reasons for such a decision. These

reasons can perhaps be best understood in terms of the study's basic goal.

Our goal was to contribute toward an understanding of engineering design;

it was not to study every detailed aspect of an engineer's Job. (In

practice to study every aspect for once and for all would be impossible,
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since in theory one can study the effect of an infinite number of as yet

unaccounted for variables.) In fact, the desire to increase our under-

standing of design by studying only a limited number of factors was a

general criterion which governed our selection of this particllar task as

an appropriate one to model in the first place. We wanted a task which

was Just "complicated enough" to represent the general features and

problems of engineering design, and yet at the same time, a task which

was not "so complicated" as to preclude its programming within a limited

amount of time. (After a preliminary investigation of all the available

alternatives which the Laboratory very graciously offered, the preceding

considerations governed the decision to study this particular task and

this particular engineer). Thus while in principle we certainly could

have investigated and programmed the design of an LH2 flask, the pressure

vessel (as the more interestin6 and well defined system) was selected

for detailed study. (Properly speaking, both the LH2 flask and the

pressure vessel are sub-systems to one another and to the larger systems

of which they are a part. As subsystems, they are not really independent

of one another; i.e., the design of one really affects the design of the

other. For simplicity's sake though, the program considers them to be

independent--again, another example of what DESIGN does not consider.)

In general, at every stage of the program's development, this in-

vestigator,acting in the interests of preserving the program's simplicity

and tractability, forced the engineer to decide on whether every feature

he thought pertinent was (i) in fact actually necessary for capturing the

task's essence (and hence, the essence of the design process), and (2) if

a feature was thought necessary, the degree to which it could be idealized.

We might add that in general the engineer agreed with the necessity of
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proceeding with these two principles even if it was often difficult for

him (and for the researcher) to live with them. All in all, it was more

important for both this investigator and the engineer to get a working

program within a comparatively short period of time than it was to get a

detailed and comprehensive program (which probably would have taken an

inordinately large amount of time). It was more important to represent

more of the general kinds of features the engineer has to consider than

it was to represent less but in greater detail.

In accordance with the above principles, the program (DESIGN)

essentially covers the design of two basic kinds of pressure vessels: (i)

spherical shells, and (2) cylindrical shells with hemispherical heads.

Here we have an example of a case where the engineer is certainly not as

restricted_ he has many more pressure vessel alternatives available to him,

e.g., cylindrical shells with torispherical heads, torispherical shells by

themselves, plus numerous variations on these themes. We might say that

the engineer's agreement as described above, has imposed an external

limitation on the engineer's "natural" internal limitations which govern

the growth of his design tree. All we note for now is that, again, every

study seems subject to these kinds of limitations. In sum, with all the

foregoing preliminary considerations in mind, we note that we are to study

the program's simulation of the design of spherical and cylindrical

pressure vessels. Without any further detailed Justifications of the

program's idealizations, we proceed straightaway to describe its structure.

Fig. 7 shows the program's basic structure. The boxes indicate

the major subroutines, and the numbers in the circles refer to the order

in which the subroutines are called. The left-hand circles refer to the

order in which the cylindrical pressure vessels are processed; the right-
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hand circles refer to the order in which the spherical pressure vessels

are processed. The levels indicate which subroutines call which, i.e.,

the depth in the program at which the various subroutines are called.

MAIN is the executive or master subroutine whose function it is (1)

to generate the basic pressure vessel shapes from which all the other

shapes that the program considers will be derived, and (2) to call the

various subroutines which operate on the basic shapes. Given the dimen-

sions of the LH 2 flask, i.e., its radius (RF) and _s length (LF) (MAIN

calls INPUT whose function is to supply these dimensions), MAIN generates

three basic pressure vessel shapes: a "minimum" sphere, a "minimum"

cylinder, and either an "incremented" sphere or cylinder (see Fig. 8).

The terms "minimum" and "incremented" are defined with respect to the

amount of clearance between the inside shell wall and the LH 2 flask. The

program's minimum sphere and minimum cylinder represent the smallest re-

spective shapes that can be built which Just satisfy the servicing require-

ments. This means that any smaller shapes would make it extremely diffi-

cult, if not impossible, to insert not only the LH 2 flask and its insula-

tion (as described in Chapter II) but also its necessary fill and boil-

off lines for replenishing the supply of LH 2. In addition to the minimum

shapes, the engineer, and hence the program, considers an incremented

shape which, depending on the initial size of the LH 2 container, is

either a sphere or a cylinder (see Fig. 8). An incremented shape makes

it even easier for the engineer to satisfy the servicing requirements. A

larger sphere or cylinder, as we indicated in Chapter II, may also be

easier to manufacture. We have, as a result, a representation of the

engineer's first heuristics for generating design alternatives: minimum

shells are considered as possibilities for satisfying the physicist's
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demand for low thickness and minimum space shells, and incremented shells

are considered as possibilities because of their greater ease of con-

struction and maintenance.

A brief but more extensive outline of MAIN's program logic is in

order. MAIN's first function is to call INPUT (see Fig. 9) which supplies

the radius (RF) and length of flask (LF) which the pressure vessel is re-

quired to enclose. (RF and LF, in effect, define the shape and quantity

of LH 2 the physicist wishes to study.) On the basis of the flask dimen-

sions, MAIN computes the radius of a minimum sphere [RS(1)], and the radii

and lengths of both a minimum [RC(1) and LC(1)] and incremented [RC(2) and

LC(2)] cylinder (see Fig.10). As Figs. 8 and i0 show, the minimum sphere

is the smallest sphere that can be circumscribed around the LH 2 flask.

According to this definition, the minimum sphere would appear to touch

the LH 2 flask at its corners. In reality though, LH 2 flasks are rounded

at their corners so that the program's minimum sphere actually clears the

flask; if this were not the case there could be serious problems of

heat leaks being developed as described in Chapter II. The program, in

other words, idealizes the flask as a cylinder with plane flat ends. As

Figs. 8 and i0 also show, the minimum cylinder is the smallest cylinder

that can be circumscribed around the LH 2 flask with a clearance of 0.i RF.

0.i RF represents the minimum clearance for which the engineer can build

a cylinder which will still be able to enclose both the flask and its

fill and boil-off lines. The point for our discussion is that given the

dimensions of the LH 2 as supplied by INPUT, MAIN determines the dimensions

of the minimum cylinder and sphere according to fixed rules, i.e., rules

which determine the amount of minimum clearance for a cylinder and a

sphere. The incremented cylinder, on the other hand, as Figs. 8 and i0
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show, is not only determined by MAIN's internal program rules for defining

cylinders (RC, LC) but also by the explicit specifications of the engineer

or physicist. Through INPUTthe engineer or physicist expresses his pref-

erence for the size of incremented cylinder they wi_h to consider. The

value assigned to ARFincr specifies the size of incremented cylinder DESIGN

investigates.

After the determination of the minimumsphere [RS(1)], minimum

cylinder [RC(1), LC(1)], and incremented cylinder [RC(2), LC(2)], _I_

next asks whether the incremented cylinder can be built in the sense of

whether it is geometrically possible. It can be shownby elementary trigo-

nometric methods that for an arbitrary clearance of ARF, the length of a

cylindrical shell with hemispherical ends which are tangent to the

corners of the LH 2 flask is given by the following expression: (cylinder

length as a function of ARF=) LCY (ARF) = LF - 2/_--_ . Therefore,

if LC(2) is less than or equal to zero, the construction of an incremented

cylinder is geometrically, as well as physically, impossible_ the size of

the increment (ARFincr) is such as to preclude the construction of a

cylinder. The preceding statements correspond to the first IF Statement

in Fig. 9: is LC(2) _ 07 If the answer is Yes, an incremented cylinder is

no longer a possibility. Instead, an incremented sphere [RS(2)] is indi-

cated; the incremented cylinder in effect turns into an incremented sphere.

If the answer is No, then the possibility of an incremented cylinder is

explored further. Even though LC(2) is greater than zero, this by itself

is not enough for the possibility of a cylinder; the length of a cylinder

must also be "long enough." If a cylinder is "too short," it can not be

properly analyzed according to the formulas DESIGN has. MAIN rejects the

possibility of a cylinder, either incremented or minimum, if its length
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is less than or equal to half its radius. If LC(2) i__sgreater than

RC(2)/2 then it turns out that not only can the incremented cylinder be

built but also the minimum cylinder as well. That is, if LC(2) > RC(2)/2,

then LC(1) > RC(1)/2. As a result, C would equal 2 and S would equal l,

indicating that MAIN would call CYL twice and SPH once; we have the possi-

bility of two cylinders and one sphere [it turns out that even if we never

build any cylinders (i.e., C=O), one can always build the minimum sphere

(i.e., S always equals at least 1)l. If LC(2) is not greater than

RC(2)/2 ti.e.,LC(2) _ RC(2)/21, then an incremented cylinder is not a pos-

sibility. Furthermore, since LC(2) less than RC(2)/2 implies nothing

about the relationship between LC(1) and RC(1)/2, the question "is LC(1)

greater than RC(1)/2?" must still be asked. If the answer is Yes, then

C=l and S=l. If, on the other hand, the answer is No, then C=O and S=l.

In any case, without exploring MAIN's structure further, this is the

manner in which the basic design shapes are generated and in which the

subroutines of level two are called. For a detailed examination of the

program's structure, see Appendix I, where a complete Fortran IV listing

of the program appears.

The two subroutines of level two which operate on the basic shapes

are CYL and SPH. These subroutines essentially explore the possibility

of additional design alternatives, i.e., variations on the themes of the

basic shapes. Both CYL and SPH determine how the basic shapes, in con-

Junction with the experiment's external space requirements, may be modi-

fied in order to yield additional design alternatives. Consider the

minimum and incremented cylinders of Fig. 8. While these configurations

can always be built as shown, if their cylindrical portions can be ex-

tended to a region of the experimental space known as the non-counting
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region (NCR), then it may be even easier for the engineer to build and to

service them. The NCR (see Fig. ll) represents that portion of the experi-

mental space where the physicist will not be measuring any nuclear reac-

tions, and, as a result, that region of space where the physicist can

tolerate massive flanges. The point is that if the engineer can somehow

reach this region then he can place a box flange on the end of the cylin-

drical shell, and a box flange in general gives the engineer more room not

only for installing the LH 2 flask and its fill and boil-off lines to begin

with but also for later servicing the system; a box flange essentially

makes the whole system more accessible.

Fig. ll gives an example of an extended cylindrical shell. The NCR

has been idealized as two rectangular strips of infinite height separated

by a gap of height (diameter) DNCR. DESIGN also assumes for simplicity

that the NCR is rotationally symmetric; in reality, the NCR is a discon-

tinuous space of complicated shape. With the NCR as shown in Fig. ll, it

is easy to show that the length for the extended cylinder is given by the

following expression: LC =ANCR + Q, where Q i (LC - WNCR)/2. ANCR defines

the location of the NCR with respect to the center of the LH 2 flask.

(Since the original minimum and incremented shapes are symmetrically

placed with respect to the LH 2 flask, ANCR equally defines the location

of the basic shapes with respect to the NCR_ WNCR and DNCR represent the

NCR's width and diameter. DNCR indicates that in general the physicist

will be interested in studying whatever reactions may appear down the

center line of the LH 2 flask (more properly speaking, some solid angle of

the flask); hence, DNCR represents a gap in the NCR where massive flanges

will not be tolerated.
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For the NCR as we have defined its shape, Fig. 12 shows all the

possible locations of cylinders with respect to the NCR. Only the cylin-

drical portion is shown as only this much of the cylindrical shell is

needed in order to differentiate between the different positions. Fig. 12

gives the logic which CYL uses in order to differentiate between the

various cylinder positions. By inspection of the logic it can be seen

that the categories are mutually exclusive and exhaustiv_ (again, _r the

NCR as it is defined). Fig. 12, in essence, determines the kinds of

additional alternatives CYL constructs. This can be seen by considering

the next figure. Fig. 13 gives a listing of all the possible wsys of

extending a shell to the NCR and, once there, of using a box flange.

First of all, no matter where a cylinder is located with respect to the

NCR, a DCD (hemispheric_l dome - cFlinCer - hemispherical dome) configur-

ation can always be built. The DCD configuration represents the basic

shapes unmodified. Other alternazives are possible deperding on the LH 2

flask's (and hence on the basic cylinder's) initial location with respect

to the NCR. For a cylinder which is OLd, in addition to the DCD con-

figuration, the DCFD (F stands for the box flange) and DC._ (W stands for

a "window," i.e., instead of a hemispherical dome on the right end, a

plastic sheet may be used as a possible substitute) configurations are

possibilities. DCFD and DCFW are also possibilities for a cylinder

which is OUT-IN. For a cylinder which is locate_ entirely within the NCR,

configurations DCD, DFD, DEW, and WFWCYL are possible. And finally for

a cylinder which is "long" as compared to the width of the NCE _WNCR), the

OUT-IN-OUT case, configurations DCD and DCFCD are possible. The numbers

in Fig. 13, e.g., DCFW=3, are the internal program designations used to

represent the various configurations. These numbers are used consistently
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Within the program, they are referred to as the

With the aid of Figs. 14 through 17, we give a brief outline of

CYL's structure. Fig. l_ first of all emphasizes an earlier point, i.e.,

CYL is reached through MAIN. Furthermore, since it is also MAIN which

calls INPUT, CYL gets by way of MAIN its necessary input data (essentially,

the dimensions which define the NCR and the properties of the incident

nuclear beam, IB). (This is true for every subroutine; they all get their

input data by way of MAIN; the input variables are all stored in COMMON.)

The first thing CYL does, contrary to the way it is shown in Fig. lh (Fig.

14 is incorrect in this respect) is to call MONTORI all DCD configurations

are processed before any other configurations are considered, the minimum

DCD being considered before the incremented DCD. After the DCD configur-

ation is processed, CYL next checks to see whether the diameter of the

DCD cylinder is large enough to fit into the NCR. If the diameter of

the cylinder is smaller than the diameter of the NCR, a box flange can

not be built without falling outside of the NCR, i.e., into the gap under

DNCR (see Fig. ll). Instead of rejecting the possibility of a flanged

alternative, CYL considers the possibility of incrementing the cylinder's

diameter in order to fit into the NCR. CYL in effect is saying to the

physicist, "either give me more NCR (a smaller DNCR) to work with or I'll

have to build a larger diameter shell in order to (even) consider the

possibility of flanged design alternatives." CYL increments the cylinder

radius to DNCR/2 and computes on this basis a new length of cylinder

LC=LCY (ARFincr), where ARFincr now equals DNCR/2-RF. A "black mark" to

the extent of $10 is also noted against this alternative in order to rep-

resent the engineer's concern over this state of affairs. The $10. rep-

resents a nominal design cost attached to finding ways of surmounting the
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difficulty or of pointing the difficulty out to the physicist; it takes

time and money to confer over design problems. Next, the width of box

flange needed is computed and then compared with the WNCR available. If

the WNCR is too small, CYL increments the WNCR to the WFLC required and
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adds an additional black mark or black cost (BLKCST) of $i0 against the

alternative. The question then asked is "where is the DCD located with

respect to the NCR?" Based on the logic of Fig. 12, CYL proceeds accord-

ingly on the basis of the answer to this question.

Figs. 15 and 16 consider the case of a cylinder which is OUT, while

Figs. 16 and 17 consider the case of a cylinder which is IN. We present

only these two cases as they are sufficient to illustrate the general

features of CYL. Fig. 15 also assumes other features about the particular

OUT case we have chosen to discuss. Fig. 16 shows the relative dimen-

sions of the OUT case (the DCFW configuration) which Fig. 15 treats. The

logic of Fig. 15 assumes that WNCR/2 is greater than or equal to WFLC and

that AW > 0. If these conditions do not hold, then the logic of Fig. 15

would have to be altered. The complete CYL subroutine listed in Appendix

I is, of course, general; it includes all possibilities; i.e., OUT cases

for WNCR/2 < WFLC as well. The first thing the OUT portion of CYL does is

to set LC=Q+ANCR as shown. As previously discussed, this is the length

for a cylinder extended to the NCR. CYL (or at least that portion repre-

sented in Fig. 15) next calls MONTOR, for once the extended length of

cylinder is computed, the DCFD configuration has been created. (MONTOR

does the detailed analysis of the design alternatives.) Now, the question

becomes whether the possibility of a window alternative exists. If the

expected nuclear beam intensity (IB) is greater than the allowable beam

intensity (IBA) then the DCFW configuration is not possible, for the beam

in operation would be strong enough to burn through a plastic window. If
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a window is possible intensitywise, CYL calls the subroutine WINDOW (not

shown) to check on the window's possibility geometrywise.

The subroutine WINDOW computes, as a function of the cylinder's

radius, the necessary thickness of window required to withstand both the

150 psi internal and the 30 psi external design forces: THICKW = 0.006 RC. B

Since a window is built up out of stock sheets of 0.014", 0,010", 0.0075",

0.005", 0.003", 0.001" (or at least these are the stock sheet sizes the

program recognizes), WINDOW rounds off THICKW computed above to the

nearest thousandth's of an inch and then computes the number of stock

sheets required of a given size by determining the number of times the

largest size (0.014") goes into THICKW, the number of times the next

largest size (0.010") goes in, etc., until THICKW is expressed in stock

sizes.

Thus, WINDOW computes, in addition to THICKW, the number of stock

sheets required to build up any computed window thickness. WINDOW also

computes the cost (WDCST) and time (WDTIM) involved in putting together

a window; in addition, it computes the inward deflection (WD) of the

window acting under the external vacuum load of 14.7 psi. In Fig. 16,

the window is shown deflected inward as it would be under operating con-

ditions. This brings us to the next question. Is the clearance (CLEAR)

between the deflected window and the LH 2 flask greater than or equal to

zero? If CLEAR is less than zero, the width of box flange (WFLC) is made

3Cf.Andrew Du Bois, "Strength of Mylar Diaphragms," LRL Engineering

Note B140----OlM219 (March, 1959), unpublished; and William Pope, "A Pro-

posed Design Equation for Circular Mylar Windows," LRL Engineering Note

BI40-OI M228 (August, 1959), unpublished. The technical references to this

chapter, of which the references above are but two examples, constitute the

"main" sources of technical data and design equations that the engineer

uses for "cylindrical" and "spherical" pressure vessel design. For more

general design problems pertaining to pressure vessels, the engineer has

over h0 references that he consults. In addition, he continually adds to

his list of references.
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larger to accommodate the deflected window (WLFC=WD+AW), and another po-

tential black cost of $10 against the alternative is noted. (Black costs

are cumulative, since each alternative farther down the design tree

essentially faces all the problems of the preceding alternatives.)

We do not discuss the IN (see Fig. 17) case in any great detail

since the logic is only different in particular and not in principle to

the OUT case. Whereas in the OUT case there was only the possibility for

a window at the right end, in the IN case there is the possibility for a

window at the left end as well. Essentially, what must be checked is

whether there is enough WFLC within the WNCR to provide enough clearance

(CLEAR1 _ 0) for a window at both ends. This means checking both AW2 and

AWl (see Fig. 16). If AW2 _ O, then we can have at least the possibility

of a DFW configuration in addition to the earlier DCD and DFD design al-

ternatives. If AWl as well is greater than or equal to zero, then the

configuration WFWCYL is also possible. With this we end our brief de-

scription of CYL's structure.

We do not discuss the subroutine SPH since it essentially works

like CYL. Figs. 18 and 19 merely summarize the kinds of sphere configura-

tions that are possible. Suffice it to say that configuration SPHERE of

Fig. 18 corresponds to configuration DCD of Fig. 13, SFS and SFSll corres-

pond to DCFD, SFW to DCFW and DFW, WFWSPH to WFWCYL, and SFS12 to DCFCD.

Fig. 20 gives the structure of MONTOR. MONTOR analyzes, in turn,

each configuration as it is developed in CYL and SPH. In general, all

the cylinder configurations are analyzed first and only then, the spheres.

Furthermore, considering only the cylinders, all the minimum cylinder con-

figurations are analyzed first and then the incremented cylinders after-

wards. For example, consider a minimum cylinder which is OUT. The con-

figurations analyzed in order of development would be a minimum DCD

79
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configuration, a minimum DCFD, and a minimum DCFW (if the latter is at all

possible). MONTOR would then analyze all the incremented cylindrical con-

figurations, and only after all the cylinders were finished, the spheres,

starting with the minimum spheres first again.

For each alternative, MONTOR first calls XSPACE, the subroutine

which analyzes how well a particular alternative fits within the over-all

external space allotted to the design in general. HI, H2, VI, and V2 de-

fine the space the physicist has allotted to the engineer in which to build

his pressure vessel. Fig. 21 illustrates for the configuration DCFD the

kind of computations XSPACE performs. Not only are AHI, AH2, AVI, and

AV2 computed, but in addition, for every one of them which is negative

(e.g., if _H2 < 0) another black cost of $i0 is noted against that design

alternative. But more important than calling XSPACE is MONTOR's calling

of the subroutines FORMS and EXACT. MONTOR's most important function is

to call these subroutines three times, once for each of the metals out of

which a configuration can be built. From Chapter II, the metals con-

sidered are 6061 AI, 300 stainless steel, and Be. A configuration like

DCFW would be analyzed in turn as made from AI, then stainless, and

finally Be.

FORMS performs two major functions: (i) it provides a preliminary

estimate of the required design thickness for the hemispherical ends of

the cylinder and sphere configurations, and (2) on the basis of those pre-

liminary estimates and on the ductility [EL(METAL)] of the particular metal

under consideration, FORMS (see Fig. 22) decides on the method of manufac-

turing the hemispherical domes. FORMS gets its preliminary thickness es-

timates from an elementary membrane analysis and a formula based on a not

so elementary buckling analysis of spheres. For a thln-walled spherical
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pressure vessel, it can be shown that a membrane analysis yields the

following expression: T = PxR/2o, where _ _ stress in the pressure vessel

walls for a vessel of thickness, T, and radius, R, under an internal

pressure load of p.h In the program, this expression becomes TRin t =

PxRxSF(METAL/2_p(METAL), where TRin t _ the wall thickness required for

a vessel of radius, R (i.e., RC or RS), SF(METAL) _ the safety-factor the

engineer uses in working with a particular metal (the safety-factor ex-

presses, amongst other things, the engineer's familiarity, confidence,

and experience in using a particular design metal; the lower his confi-

dence, the higher the safety-factor--the safety-factor is commonly called

the ignorance factor); finally, Gyp(METAL) _ the metal's yield strength.

FORMS embodies this expression for P = 150 psi. TRex t is the formula for

the pressure vessel's thickness required for the external buckling load:

TRex t = [_/(0.366E(METAL)_R] , which for P = 30 psi becomes

[(¢81.967/E( TAL))R].5

hcf. E. P. Popov, Mechanics of Materials, pp. 222-225.

5This formula was originally derived by yon Karman and Tsien.

Cf. Theodore yon Karman and Hsue-Shen Tsien, "The Buckling of Spherical

Shells by External Pressure," Journal of Aeronautical Science, Vol, 7
(December, 1939), pp. h3-50; and Theodore von Karman, H. S. Tsien, and

L. G. Dunn, "The Influence of Curvature on the Buckling Characteristics

of Structures," Journal of Aeronautical Science, Vol. 7 (May, 19h0), pp.

276-289. See also Emmett A. Witmer, Collected Papers on the Instability

of Shell Structures, NASA Technical Note DI510, 1962; and Garth E. Cook,
_A Comparison to Theory of Observed Stability Failure of Thin Spherical

Shells," UCRL Report 8h03, University of California Lawrence Radiation

Laboratory, Berkeley. Both Witmer and Cook experimentally "confirm" the

equation originally developed by von Karman and Tsien. Cook's data (p. 9,

Table I of the reference cited above) mainly confirms (for 3 out of 3 test

cases) the analysis for partially spherical vessels (not full hemi-
spherical domes) which were spun and then machined. Cook shows the

formula to be under conservative (i.e., not conservative) for spun domes
in 3 out of 8 test cases.



Based on the ductility of a particular metal (AI, stainless steel,

or Be) expressed in terms of its elongation [EL (METAL)] and on the

greater of the two preliminary design thicknesses (TR = MAX[TRext,TRint]),

FORMSdecides on the method of manufacturing a hemispherical dome(either

MACHINE,DRAWor SPIN). Since Fig. 22 is pretty muchself-explanatory we

stress only two further points: (i) whether a domeis "spun" or not de-
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pends upon somecritical diameter of dome(DCRIT), i.e., if a domeis too

large (2R_DCRIT)then it can not be "drawn"_ the size of the domeexceeds

the Lab's facilities for making "drawn" domes. (2) FORMSalso computes

the cost (FORMCST)and time (FORMTIM)of making a dome_these costs are

"approximately" doubled if a configuration like DCD, for example, requires

two domes. The cost is not exactly double though for manyof the opera-

tions and Jigs and fixtures necessary for making one domedo not need to

be duplicated from scratch whenmaking the other dome.

Wenowturn to the subroutine EXACT,the largest subroutine of the

whole program. Associated with each manufacturing process of FORMSis a

particular thickness distribution. Fig. 23 shows the variation in thick-

ness for hemispherical domes. Fig. 23 also gives the more detailed stress

analysis relationships which EXACTassumes. For example,let us examine

the SPIN relationships. T2_ = TRint x NTNSTYand T2E = TRext reflect the

fact that EXACTdesigns for the weakest link in the chain. For a spun dome,

since the base thickness (t 2) is thinner than the crown (tl) , it is the

base which must be designed to resist the design loads. In addition

NTNSTY reflects the fact that the simple membrane analysis thickness

(TRin t) must be increased to take care of the stress concentration developed

where a hemisphere and a cylinder are Joined. 6
And finally, tI = 1.3t 2

6Since the cylinder is subject to the expression TRint=PxRxSF(METAL/

ayp(METAL), while the sphere is subject to the expression TRint=PRSF(METAL)/
2_yp(METAL), there is a stress discontinuity at the Juncture. Under the

action of internal pressure, the cylinder tends to expand outwardly(circum-
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gives the thickness distribution over the hemisphere due to spinning.

EXACT (Fig. 24) starts by computing TIA , the allowable design

thickness. The allowable design thickness is, in essence, the least upper

bound the physicist can tolerate; any thickness greater than T exceeds
1A

the physicist's design specification. Next, depending on the manufactur-

ing form, EXACT computes the allowable design thickness on T2, i.e., T2A.

At this point, although it is not shown on Fig. 2h, EXACT computes the re-

lationships of Fig. 23. The thicknesses required for internal 7 and ex-

ternal 8 loads on the cylinder are computed next, and depending on the

ferentially) more than the sphere. As a result, local shear and bending

forces develop. If one made the cylinder thickness equal to twice the

sphere's thickness, then no shear or bending forces would be developed

due to the action of internal pressure alone. Shear forces and bending

moments are not precluded by the action of whatever external pressure

loads are acting on the vessel. C__f.Popov, op. ci__!t., pp. 225-227.

7The program assumes that a constant stress concentration factor

can be applied in the analysis. In reality, the stress concentration

factor is a complicated function of the RATIO TgT/TqT. Cf. H. Kraus,

G. G. Bilodeau, and B. F. Langer, "Stresses in THinZWalled Pressure

Vessels with Ellipsoidal Heads," Paper #60 - SA - 12, Trans. ASME, Vol. 12

(1960), pp. 1-12. The Kraus, Bilodeau, and Langer paper allows one to

determine the stress concentration factor from graphs which represent a

computer solution of the Love-Meissner equations (as given in the paper).

The engineer has determined that a stress concentration factor (NTNSTY)

of 1.1 is good down to a RATIO of 0.63 provided 2RC/TBI _ lO0 and
2.0>RATIO>0.63 both hold. The program extends the upper RATIO limit of

2 t_ h on--the basis of engineer's calculations. It seems that the data

in the Kraus, Bilodeau, and Langer paper can be extrapolated up to 4 in

order for the program to handle a larger number of analyses without

having the program at the same time become under conservative.

8TqE= C(METAL) RC 0"6 LC 0"h comes from Raymond J. Roark, Formulas

for _ress and Strain, p. 318. There the formula reads P' (Buckl-_

pressure) =

LCxRC 1 - u(METAL) RC---_

where _(METAL)H poisson's ratio. For P' = 30psi, this formula can be re-

arranged to read as it is shown in Fig. 18. Harold E. Saunders, and

Dwight F. Windenburg, "Strength of Thin Cylindrical Shells under External

Pressure," Trans. ASME, Vol. 53 (19B1) "confirm" Roark's equation (case 31).

The engineer has also "confirmed" the equation with 6 to 8 buckled cylinders

of a limited length to diameter test series. The advantage of the Saunders

and Windenburg paper to the engineer is that it reduces the complicated Roark

equation to graphs.
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RATIO of the internal sphere thickness to the internal cylinder thickness

where they are Joined (T21/T31) , a check is performed on the adequacy of

the stress concentration factor (NTNSTY) assumed in the preceding analysis.

Finally, the first page of EXACT's logic ends with the computation of T3A ,

the cylinder's allowable thickness, and with the setting up of the forth-

coming analysis by designating the case of a heat-treated (HTC = i)

cylinder.

The analysis starts (Fig. 25) with the determination of the relation-

ship holding between T3E, T31, and TSA. Fig. 25 analyzes but one of the

possible inequalities, the case where TBE>TBA>T . Since T already ex-31 BE

ceeds the allowable TBA , a black cost of $i0 is noted against the alterna-

tive. In addition, since TBE doe____sexceed T3A , here is a case where the

possibility exists for reducing the thickness required for a uniformly thick

cylinder (i.e., T3E) by adding stiffeners. Fig. 26 gives the computational

details involved in adding stiffeners, and shows the difference between a

stiffened and an unstiffened design, which we have been considering up to

this point. 9 TBE X is set equal to T3E for purposes of preserving the ini-

tial unstiffened design thickness (what Fig. 261abels as tBE). K = 0 (the

number of stiffeners) and THK2 (the stiffened cylinder thickness) = T3E

initialize the stiffener subroutine STF (not shown, but Fig. 26 represents

the steps STF performs). The rest of Fig. 25 is devoted to asking how

many stiffeners one can add to the cylinder in order to get TBE to come as

close as possible to TBA. Starting with K = O, EXACT assumes that at

least one stiffener is possible (K = K + I, which, if K = O, becomes K = i).

9Stiffeners are designed according to the Roark and Saunders and

Windenburg analysis. I_ F is merely the moment of inertia of a ring plus
10%. The limits of applicability of the stiffener routine are the same as

the limits of applicability of the Roark, Saunders and Windenburg equation,

i.e., 0.5<V(S)<6.__ The increase in ISTF by 10% is based on the findings of
Saunders and Windenburg.
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THKI is set equal to THK2 which, before STF is called for the first time,

equals T3E. THK1 preserves the previously stiffened thickness (K) before

eachaddition of a stiffener (K = K+l). STF is called, and a new THK2 is

computed, which, for the first time through, equals TMK2 for K=l. Next,

the question is asked whether the new cylinder thickness equals, is less

than, or is greater than TBA" If THK2 > T3A, then EXACT keeps on adding

stiffeners up to a maximum of ll or until THK2 _ TSA. If THK2 = T3A,

EXACT adds no more stiffeners, for the allowable has been attained. If

THK2 < TSA , EXACT has added too many stiffeners; it reverts to its prev-

ious stiffened thickness, THK1 (hence the necessity for saving the initial

thickness). In any case, depending on the outcome, a cylinder design

thickness, TBDC, is computed. The number of stiffeners (K) is noted, and

in addition, an inequality number (INEQC) which tells the program user how

the design thickness was computed. Each final design thickness calcula-

tion has its own inequality number uniquely identifying the route by

which it was reached. In other words, the inequality numbers act as ex-

ternal identifying marks to the internal program logic.

Fig. 27 considers the same cylinder from the standpoint of no

heat-treat, i.e., an annealed cylinder. Since heat-treating mainly

affects the strength properties of the cylinder's material and not the

cylinder's buckling behavior, only the internal thickness computation is

corrected for the removal of heat-treat by multiplying by Gyp/GANNEALtO

give T31 = PRSF(METAL)/2_ANNEAL(METAL). The top part of Fig. 27 is

mostly a replay of Fig. 25 with many of the steps left out, while the

bottom part of Fig. 27 is more of the same only now with the hemisphere.

Fig. 28 completes the hemisphere analysis. Essentially, the only differ-

ence between the exact analysis of a cylinder and that of a hemisphere is

that the former has the possibility of stiffeners while the latter does not

(or at least this program does not consider the latter possibility). The
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latter part of Fig. 28 matches heat-treated and non-heat-treated cylinders

and spheres together. Finally, EXACT computes ATIA = TIA - TIDS, the

difference between the allowable thickness of the sphere's crown and its

design thicknesses; AT2A is also computed (AT3A having been computed

earlier).

STORE (See Fig. 29) is the last subroutine whose structure we shall

discuss in any detail. One of STORE's main functions is to compute the

costs and times associated with the analysis, layout (drawing),design and

construction of any design alternative. STORE begins by assigning a

common cost of $400 layout and $400 assembly to each and every alternative.

Thecommon layout and assembly times are both 40 hours. (In general, but

not without exceptions, time = 0.i cost.) The window (WNDCST), stiffener

(STFCST), cylinder (CYLCST), flange (FLGCST), box flange (BOXCST), Join

(JOINCST), and heat-treat (HTCST) are added to the total cost [COST(ALTNT)]

of an alternative as they are appropriate to that alternative's configura-

tion, e.g., a DCD configuratiom has no window and hence no associated

window cost; an unstiffened cylinder would have no STFCST (but it could

have a stiffener analysis cost; every time a cylinder is analyzed for

stiffeners, $20 per analysis is computed, even if it turns out that

stiffeners can't be used, e.g., even if stiffeners reduce the cylinder's

thickness way below the allowable). As a further example of the kinds of

costs (and indirectly, times), we illustrate BASECST = LYTCST (layout) +

DTLCST (base detail): For configurations DCD and SPHERE, the DTLCST is

$300; for DCFD, $400; for DCFW, $370; for DFD, SFS, and SFSII, $300; for

DFW and SFW, $250; WFWCYL and WFWSPH, $200; and for DCFCD and SFSI2,

$450. Finally we note that every alternative contains a common flask

cost (FSKCST).
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STORE also computes many of the properties associated with an alter-

native that has stiffeners, their moment of inertia (IsTF) , height (HsTF) ,

width (BsTF) , V(S=K+I), and VINIT; V(S) tells how well the assumptions

underlying the use of the stiffener formula for computing THK2 are met.

If V is greater than 6 or less than 0.5, then this information tells the

program user that he had better scrutinize carefully the program's stif-

fener analysis, since the assumptions underlying the analysis have been

violated.

STORE's most important functions are (i) to compute the design

pT's from the design thicknesses and (2) to compare the design pT's

with the allowable pT's. STORE begins by computing the proper p, TIDS(1),

and TBDC(1), all of which depend upon the particular cylinder or sphere

configuration (see Figs. 30 and 31). Fig. 31 which gives three examples

of the kinds of computations involved illustrates the basic principle

underlying the computational scheme of Fig. 30. We are not merely in-

terested in computing the p's and design thicknesses; we are interested

in computing them in a manner which allows us to compare the relative ad-

vantages of different design configurations. For example, consider an ex-

periment where the nuclear stimuli (i.e., the incident beam particles)

are shot in down the Left Primary direction [i.e., oTI(1) ]. oT I then

stands for a measure of the nuclear barrier which prevents the physicist

from studying the LH 2 target particles directly; the physicist, we em-

phasize again, is interested in studying the reaction of the LH 2 particles

to the nuclear stimuli and not the reaction of the vessel itself. Sim-

ilarly, oTI(2) (the Right Primary direction), PT3(1) and PT3(2 ) (the Left

and Right Secondary directions respectively) represent measures of the exit

barriers, the barriers which prevent the physicist from measuring the LH 2

target particles' responses directly. Although the physicist will most
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likely measure the responses at odd angles and in more than four positions,

STORE's2 Primary and 2 Secondarydirections (at right angles to one

another) represent a simple way to take account of the general input and

output directions. Fig. 30 gives the general scheme for calculating

Primary and Secondary O's and T's. In Fig. 30, P = p(METAL) except

where a window is used.

In Fig. 31, configuration DCFCD represents the standard: the

Primary pT's are the pT's of the spheres while the Secondary pT's are

those of the cylinders. The OT's of DCFCD, in effect, define the direc-

tions in which the physicist will shoot in stimuli and measure responses

out. DCFCD is the standard because it is the most general case. The

barriers to the incident nuclear stimuli and responses are all different,

i.e., _i(i) _ 0TI(2) and 0T3(1) # PT3(2), whereas this is not true of the

other configurations of Fig. 30. The important point though is that the

Primary and Secondary designations of all the configurations have not

only been set up in an attempt to permit a comparison between diverse

design alternatives; they have also been set up with the intent of repre-

senting realistically the pT barriers the various configurations present.

Consider the SFW configuration of Fig. 31; since the right-hand sphere

has been replaced by a window, the window's 0T has also replaced the

sphere's Right Primary pT. Furthermore, whereas the SFW's Left Secondary

0T is the pT of its sphere's base, SFW's Right Secondary 0T is the secon-

dary pT of the window, which, in order to compare a window effectively

with other configurations, is set equal to zero.

Having computed PTI(1) and PT3(1) (I = i means Left; I = 2 means

Right) on the basis of Fig. 30, STORE next computes the difference between

the allowable pT's and the design 0T's: A01AL, _OIAR, AQBAL, and AP3AR.

These differences measure how well each of the design oT's in the different
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directions is meeting the physicist's allowable OT's, in effect, meeting

the allowable nuclear barriers the physicist can tolerate and still get

good physics data. STORE also counts the number of positive differences

(a positive difference means the allowable oT is greater than or equal to

the design oT)_ every time a difference is positive, the number RO is in-

creased by i up to a maximum of 4 which would occur if all the differences

were positive (i.e., if all the design T's met the physicist's allowables).

In addition, STORE applies "weighting factors" [WT(1), WT(2), WT(3), and

WT(h)] to the differences in order to get "weighted differences." These

weighting factors measure how important it is to meet the allowable _T's

in the various directions. If the Left Secondary direction, for example,

is more important for a particular physics experiment than the other three

directions, then it might have both a low allowable pT and a high weight-

ing factor. Perhaps the Justification for this can best be understood in

terms of _PTOTAL:APTOTAL, the sum of the weighted differences, represents

the attempt to sum up in one number how well each design alternative is

meeting the physicist's allowable oT's. APTOTAL attempts to reduce the

_O comparison of different design alternatives down tothe comparison

of a single number in terms of which the alternatives can be ranked.

While the allowable oT's themselves represent what oT's the physicist

deems important to meet, the weighting factors represent ho___wimportant

it is to meet them respectively.

The need for a weighting factor in addition to an allowable pT

hinges on the fact that APTOTAL, like any single number which attempts to

summarize many factors, is a subtle measure. If _PTOTALwere merely the

sum of the individual Ap's unweighted (i.e., _PlAL' APlAR' etc.), then

each alternative which had the same _OTOTAL would be equivalent to every
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other, even though some alternatives might meet some individual Ap's

much more closely than others; only the final sum would be important, not

the individual differences. The use of weighting factors attempts to

correct this situation by making APToTA L a much more sensitive measure to

individual differences and thus making equivalance a more difficult feat

to achieve by chance alone. Even if by chance two design alternatives

might have the same unweighted sum of Ap's, the use of weighting factors

makes it even more unlikely that their weighted sums would be the same.

Weighting factors express the fact that it is more important to meet the

allowable pT in some directions than it is in others. For example,

suppose PT3A(1) is a more important design pT than 0TIA(2) , say by a

factor of I0, i.e., WT(2) = i and WT(3) = i0. Then, an alternative

which only meets PT3A(1) one-tenth as well as an alternative which meets

PTIA(2) by one is Just as good: i.e., if APBAL = PT3A(1) - pTB(1) = I/i0

and if A01AR = 0TIA(2) - PTl(2) = i [i.e., PTl(2) meets its allowable

better than PT3(1)] , then WT(2)A01AR still equals WT(3)APBAL(10 x !/i0 =

lxl).

Finally, the last step STORE performs is the numbering of all the

alternatives as they are processed (ALTNT = ALTNT + i). If we recall that

the minimum cylinders are processed first, incremented cylinders (if there

are any) second, minimum spheres third, and incremented spheres (if there

are any) last, then perhaps we can see that design alternative number 1 is

a DCD heat-treated A1 minimum cylinder, design alternative #2 is a non-heat-

treated DCD A1 minimum cylinder, design alternative #3 is a heat-treated DCD

stainless steel minimum cylinder, etc.

RANK, the last major subroutine of theprogram, does Just what its

name implies. It ranks all the design alternatives with respect to each



of the parameters APTOTAL,total cost, and total time. The first llst,

the 0T rank, ranks the alternatives by ADTOTAL in terms of their RO

numbers. All the RO= h designs are ranked first, the design having the

highest AOTOTAL being placed first. Next, the RO= 3 designs are ranked:

then, the RO= 2; then RO= l; and whatever RO= 0 designs remain. The

designs are ranked within like R0 numberblocks in order to compare like

things. The reason for this procedure is that the engineer is interested

in the best design out of the group that meets all four allowables, then

those that only meet three allowables, etc. Ranking the design alterna-

tives in equal R0 numberblocks is also done for another reason. If all

the design alternatives were lumped together and ranked only on the basis

of AOTOTAL, then the ranking routine would be insensitive to the fact

that an alternative which only meets the allowables on, say, two 0T's is

not equivalent to an alternative which has the sameAOTOTAL but which

meets all four allowables. In other words, an alternative which meets

each allowable slightly [i.e., A01, A02, ADS, and AOh all _ 0] maybe

preferable to an alternative which only meets two alternatives very well

and two quite poorly [e.g., AOl, AO2>>0 and A03, APh < 0 such that

AOTOTAL>> 0].

RANKalso ranks the alternative designs with respect to, first, their

total cost of design and manufacture (maintenance costs are not included),

and, second, their total tim_____eofdesign and manufacture. The lowest cost

and the least time alternatives are ranked first in their respective lists.

Since the logic for constructing ranking subroutines is well known, we

present no outline of RANK's logic.

Our outline of DESIGN'sstructure is complete. At this time we sum-

marize by merely listing the input variables DESIGNrequires. (In Chapter V,

whenwe test the program's validity, we will also present a typical program
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output.) The input variables which DESIGN requires are the following:

RF, LF, ARFincr , WNCR, DNCR, IB, IBA, HI, H2, VI, V2, E(METAL),

Gyp(METAL), aANNEAL(METAL), SF(METAL), C(METAL), EL(METAL),

p(METAL), NTNSTY, DCRIT, WT(1), WT(2), WT(3), WT(h), QWND'

pTIA(1), pTIA(2), PT3A(1), and PT3A(2).

At this point, we can raise in a more precise manner some of our

previous concerns. In Chapters I and II, we repeatedly raised the question,

"who is it that defines the problem?" Here, the question has become (i.e.,

assuming that the program to begin with is a good representation of the

design process once the input variables have been given), "Who is it that

gives the input variables?" Unless the physicist specifies what he wants,

then it is the engineer who has to define the problem by assuming the

values of many of the input variables. For instance, the physicist's pre-

scription to make the vessel "as thin as possible" really begs the question,

or at least, defers it to the engineer. Thin in what direction? Equally

thin in all directions? In other words, what allowable pT's and weighting

factors does the physicist wish the engineer to use? It would seem that

something which is important enough to demand is important enough to define

more precisely. But, on the other hand, as Chapter II also pointed out,

it does not behoove the physicist to over define his input variables or

design requirements; it does not behoove either the physicist o__rthe

engineer to be overly rigid about the values of certain variables--unless,

of course, either the physicist or the engineer is willing to pay a premium

in time and money for getting a certain design (and only tha____tdesign).

The point is, as the program dramatically shows, that there are many de-

sign alternatives each possessing its own advantages. Again, the moral is
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that the input variables can not be effectively defined independently of

an understanding of the design process of the engineer and of the physi-

cist. And a crucial part, if not th___emost crucial part, of that process

which the program does not represent is how the input is defined. We will

illustrate these points again when in Chapter V we compare the program's

behavior with that of the engineer himself. We will indicate the typical

kinds of variables the engineer seems to define and those which the

physicist defines.

Before we leave this chapter we ought to clarify a point made in the

preceding paragraph. Namely, Just how many alternative designs does the

program construct? The answer starts with an inspection of Fig. 9. As an

example we consider the case where C=2, S=l. We also assume for simpli-

city's sake that both the cylinders, minimum and incremented, are OUT

(see Fig. 22). Then, for both cylinders, DCD, DCFD, and DCFW are possible

configurations. Next, all three configurations can be built from three

possible metals, each of these metals can either be heat-treated or not.

Thus, there are 2(C=2) x 3(configurations) x 3(metals) x 2(heat-treat

states) = 36 cylindrical design alternatives. In addition, we also assume

that the minimum sphere is OUT as well (generally, if the cylinder is OUT,

then so is the sphere; this also holds for the other designations, i.e.,

IN, IN-OUT, etc.). If the sphere is OUT, then SPHERE, SFS, and SFW are

possible configurations. (Under certain circumstances SFSll replaces SFS

as a configuration.) Each of these configurations can also be built from

three metals, and, again, each metal can be either heat-treated or not.

Thus, there are l(Sml) x 3(configurations) x 3(metals) x 2(heat-treat

states) = 18 spherical design alternatives. Altogether there are 54

alternatives. Fig. 32 gives the number of alternatives for the other con-

ditions. The OUT-IN, IN, and OUT-IN-OUT cases are computed in a similar
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manner to the OUT example presented here. The only exception is a partial

exception; the WFWCYL and WFWSPH configurations of the IN case are only

made from one metal, and that one metal is not heat-treated. WFWCYL and

WFWSPH are really neither a cylinder nor a sphere; they are box-flange

alternatives which merely happen to have been reached by way of CYL and

SPH respectively. If one can use a massive box-flange to begin with,

generally one doesn't make it any less massive by using one material over

another, and presumably, one doesn't care. As a result, for the IN case

there are only 19 alternatives instead of the 22 that would be possible

if WFWCYL and WFWSPH were both made from three metals in two heat-treat

states.

The large number of design alternatives that the program constructs

provides an interesting commentary in itself on the kind of understanding

that the engineer has of the physicist's role. Originally, the intent of

this study was to write a general program which would simulate the devel-

opment of the final two or three design alternatives which the engineer

considers in any particular design problem; the intent was not to simulate,

as the program presently does, the entire design space itself. Our in-

tent, in other words, was to go farther in programming the design process

than we have been able to do. Or, to put the matter differently, DESIGN

lacks heuristics which are sufficiently strong enough to reduce the

design space down to the final alternatives the engineer presents to the

physicist for his final consideration. The reason for this lies with the

engineer's limited conception of the physicist's role. The engineer does

not feel that he can give heuristics which are general enough to charac-

terize all of the different subsets of design proposals that any par-

ticular physicist might be interested in. It is easier for the engineer

to describe his whole desisn space in _eneral than to describe the
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multitudinous subsets of the space that different physics experiments _n-

volve. It is not that the engineer can't formulate any heuristics which

characterize a physicist's needs. On the contrary, the engineer seems

able to formulate too many. The trouble is that each heuristic, either

separately or in conjunction with others, seems to be overly restrictive

so that the adoption of any set of additional heuristics threatens to ex-

clude whole classes of design alternatives (e.g., SFS's) that are of

general potential interest to particular physicists.

The point is that stronger design heuristics depend upon what it is

the customer wants, a characterization that the engineer feels unable to

make in general. In other words, what the ensineer finally presents for

a particular physicist's final consideration depends upon who that phy-

sicist is_ it depends upon the particular physicist who is proposing the

experiment. Not only do different experiments have different requirements

but so do different physicists as well. Contrary to a naive conception

of science, and philosophy, the requirements are not Just "out there" as

a property of nature existing on their own accord independently of human

motives; instead, they depend upon a highly trained observer of nature

to know how to observe, interpret and transmit them. And different

physicists observe, interpret, and transmit differently--or, at least

they do from the engineer's point of view.

Thus, in order for the program (or any program for that matter) to be

(truly) able to simulate the engineer's individual design behavior, we

have discovered that it is necessary to be able to simulate the physicist's

physics behavior as well. Just how much of the physicist's behavior we

need to simulate is a matter we consider in the next and following

chapters. The next chapter discusses the meaning of simulation in
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general and, in particular, what it meansto test a simulation whose in-

terpretation and validity dependsupon factors that have not been simu-

lated. To that discussion, we now turn.
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i. Preface

The purpose of this chapter is to examine several current

viewpoints on the nature of simulation. The outcome of the dis-

cussion is a very general examination of what it means "to construct"

and "to test" a simulation.
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The author has no pretensions that the arguments offered here

are final and conclusive or necessarily in the "mainstream" of

current philosophic thought. Rather the discussion is motivated by

the desire to encourage other engineers and scientists to develop

their own viewpoints on the philosophical aspects of simulation.

112

2. Introduction

To simulate reality is to represent reality, not to reproduce it.

Thus, for better or worse, any discussion of the concept of simulation

must sooner or later, either explicitly or implicitly, consider the con-

cept of reality. It is the explicit thesis of this chapter that reality

i
is a state of mind, and that mind is behavior. What kind of behavior

is to be labelled as mind is something for another mind to determine.

Usually, the "other mind" is a scientific researcher who, in accordance

with the purposes or goals of his research, defines for his particular

experiment what is to be the behavioral definition of mind. It is also

the thesis of this chapter that if it is a man's behavior that is being

simulated by, say, a computer program, then it may better serve the scien-

tific objectives of the researcher if he uses the research subject (in this

case, the man being simulated) as a Judge of what mind is and, hence, of

i,, . . . within our century 'mind' has been taken to be 'behavior',

for the present day outlook is that mind isbehavior rather than that

which is responsible for behavior." Cf. C. West Churchman and Russell L.

Ackoff, "An Experimental Measure of P_sonality," Philosophy of Science,

Vol. i_ (19_7), p. 30_.



what is real. All too often the research subject plays a passive role

in deciding on what is real. Essentially, we will argue that perhaps

the most fruitful use and test of a simulation study is whether the man

accepts the program as a substitute for his own behavior. If the man

"accepts" the program as a substitute, then we wish to argue that some

combination of man-machine behavior is acting as "another mind" in order

to say what the reality of the first mind (the man's) is.

In order to pave the way for the development of our test for val-

idating a simulation, we explore in detail the question, Can a machine

think? The answer is, Yes! Yes, in the sense that a machine can "dis-

play" the kind of behavior that is associated with mind. This result

forms an essential part of our interpretation of a test (Turing's Test)

which has been widely used in validating simulation studies. In terms

of Turing's Test, the contention of this chapter is that an intuitive

use of Turing's Test is actually better suited for many research purposes

than the original formulation of the test.

The later part of this chapter discusses the relationship of two

historic schools of thought, rationalism and empiricism, to contemporary

notions of reality and mind as authors in the field of simulation con-

ceive of them.

Finally, we relate our chapter's results to a paper by Dr.

C. W. Churchman, "An Analysis of the Concept of Simulation." Churchman's

paper develops the necessary and sufficient conditions for defining the

concept of simulation. Those conditions provide a general standard to

which we refer our chapter's conclusions. In general, this chapter is

but one extensive elaboration on how one might actually use and verify

each of Churchman's conditions.

113
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3. To Simulate Reality Is to Represent Reality

Webster's Dictionary defines simulation as "to assume the appear-

ance of, without the reality_ to feign." In a paper by Ham, an, "Simula-

tion: A Survey," Thomas and Deemer are quoted as suggesting the following

paraphrase of Webster: "to simulate is to attain the essence of, without

the reality." Harman elaborates by noting that "the substitution of

'essence' for 'appearance' [in Webster's definition above] makes the vital

difference between the scientific and casual use of simulation. It not

only is not necessary [sic] that the simulator not 'appear' as its real-

life counterpart, but frequently attempts to imitate reality closely may

be detrimental to the purposes of the simulation. For example, to ex-

pedite the training of pilots a relatively accurate duplication of the

cockpit is necessary for the trainer, but to duplicate the bulky whole

of the airplane would defeat the purpose of the simulator. ''2 A number

of other authors make the same point. Essentially, their argument is

that to simulate is to model, and to model is to represent• The essence

of simulation is thus in the representation and not in the exact copying

of reality:

A model of something is a representation of it designed to in-

corporate those features deemed to be significant for one or more

specific purposes .... For most purposes, it is unimportant

whether models superficially look llke the thing modeled ....

What is important is that the responses of the model to changes

• . . be similar to those of the real system.3

2Harry H. Harman, "Simulation: A Survey," Proceedings of the

Western Joint Computer Conference, 1961, p. i.

3
Guy H. Orcutt, "Simulation of Economic Systems," The American

Ecgnomic Review, Vol. L, No. 5 (December, 1960), p. 897•
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A simulation of a system or an organism is the operation of a

model or simulator which is a representation of the system or

organism. The model is amenable to manipulations which would be

impossible, too expensive or impracticable to perform on the en-

tity it portrays. The operation of the model can be studied and

from it, properties concerning thebehavior of the actual system
or its subsystems can be inferred. 4

Harman summarizes:

What they Cthe various definitions of simulation 3 have in common

is an attempt to substitute other elements for some or all of

the real elements of a system. Perhaps the simplest and most

direct definition of simulation is merely the act of represent-

ing some aspects of the real world by numbers or other symbols

that can be easily manipulated in order to facilitate its study.

In this sense, simulation is one of the oldest analytical tools.5

But so expressed, the problem of simulation becomes the problem of

specifying the essential system elements to be simulated. Unfortunately,

as Harman himself points out, we have no really adequate methodology for

defining system elements, let alone "essential" elements. We might say

that even if we were to grant the assertion that we could adequately

simulate whole systems, we have yet to simulate how system elements are

selected. Consequently, our original claim to be able to simulate whole

systems is to be questioned. As we will discover in the course of this

chapter, our ability to simulate a whole system is dependent upon our

ability to define a system's elements, and, paradoxically, our ability

to define a system's elements is in many ways dependent upon our ability

to define the whole system. The paradox is that one way to define a

whole system is to simulate it. 6 What remains is an evaluation of the

hMartin Shubik, "Simulation of the Industry and the Firm," The

American Economic Review, Vol. L, No. 5 (December, 1960), p. 909.

5Harman, o__. cit., p. 2.

6Consider what Harman says: "The more that is known about the

properties of an element of a system, the better it can be simulated."

Harman, op. cit., p. h. But this is strange indeed, for the very reason

we are doing the simulation at all is to learn about the system's

elements. Consider also the following:

The designer and the analyst resort to simulation when it is either

impossible, not economically feasible, or Just sufficiently inconvenient to
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paradox's seriousness. At best, we may have merely misused terms; at

worst, there may be a fundamental deficiency inherent in the terms them-

selves.

In getting out of a paradox, one common strategy is not to ignore

it but rather to try to work around it, hoping eventually to be able to

come back and confront it directly. Thus, for the moment let us assume

that we already have a simulation model, which, in fact, we do. Then,

instead of asking how we defined our model's elements to begin with, let

us instead ask how we can test and validate our model. As we shall show,

an answer to the second question basically involves an answer to the

first. How one "tests" a simulation model reveals how one initially de-

fined the model. Thus, we turn to an examination of what it means to

"validate" a simulation.

experiment with and study the real system. They make use of some al-

ternative system which differs from the object system in at least one

characteristic. Since they are rarely concerned with all the character-

istics of the real system, they attempt to discover or construct an

alternative system which is similar to the real system in the charac-

teristics of interest, and which, because of the dissimilarity of char-

acteristics which are largely irrelevant to the investigation, is easier,

cheaper, or more convenient to study. Of course, there is some de-

parture from reality; the alternative system cannot be expected to

exactly reproduce the characteristics of interest. This is the price

exacted for the simplicity and accessibility of the alternative system.

Often there exists a considerable range of alternatives, each con-

sisting of a different balance between faithfulness of reproduction

and simplicity of construction and operation. Part of the investiga-

tor's problem is the selection of the appropriate alternative; he must

decide how much of a departure from reality can be tolerated in the

interest of simplicity and economy. There are implicit in this pro-

cedure the assumption that the investigator knows enoch about the

characteristics of interest to intelli_ently select or construct an

alternative system and that he knows enough about the interactions

to decide which characteristics of the object system are irrelevant

and expendable. [underscoring mine]

R. W. Conway, B. M. Johnson and W. L. Maxwell, "Some Problems of Digital

Systems Simulation," Management Science, Vol. 6 (October, 1959), P. 93.

L



h. Turins's Test

The question of what constitutes an adequate test of a simulation

is all too often the least reflective part of any simulation study. A

criterion developed by Turing is the only test known to this author that

attempts to answer the question. The test hinges on the notion of an

"imitation game":

The game is played by three players--a machine, a human and an

interrogator--and there are two channels of communication (say

teleprinters) which link the interrogator, separately, to the

human and the machine. The object of the game is for the inter-

rogator to identify which of the two players is the machine.

Active questioning is allowed, and the machine's task is to fool

the interrogator while the human is assumed to do his best to

reveal his 'true' identity. The interrogator succeeds and the

machine is declared unable to 'think,' if on a given number of

trials he is able to identify which player is which on a

better than chance basis.

The adaptation of Turing's Test to the problem of discriminat-

ing between the output of a particular model of human behavior

and the decision behavior of the human proceeds as follows: Data

are gathered on the human's decision processes by collecting

protocols or other records of his decision behavior. The output

generated by the model is also collected and can now be directly

compared with that of the human. This comparison can be carried

out at many levels. The only restriction is the level of detail

of the data that can be gathered on the human's decision pro-

cesses. When the model generates decision behavior that meets

the criterion of Turing's Test, the model is said to be sufficient

to account for the human's decision-making behavior.

Clearly, this test can be applied to the output of the model as

a whole as well as to the behavior of the individual decision

mechanisms. In the former case the test might be considered to

be quite weak, since there presumably are a variety of decision

rules that will yield a specified output. But, by carrying the

matching process down to the level of the individual decision

processes the tests become more and more discriminating. Con-

sequently, the strength of the test can be determined by the ex-

perimenter; and our confidence in the empirical validity of the

model is manifestly a function of the levels of detail at which

the matching process is carried out. 7

i17

7Geoffrey P. E. Clarkson, and W. F. Pounds, "Theory and Method in

the Exploration of Human Decision Behavior," M.I.T. School of Industrial

Management Research Paper, pp. 23-2h.
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Wehave quoted Clarkson and Poundsextensively because one would be

hard put to find two other investigators who have had more to say about

the specific problem of validating a simulation. Nevertheless, however

extensive their discussion is, we must still take issue with their treat-

ment. Our intent is not to be picayune, but rather to ask for clarifi-

cation, and to point out the difficulties that confront one in attempting

to apply Turing's Test as presented by Clarkson and Pounds. Wewill try

to makeour points of criticism correspond to the order in which the steps

of the argument appear in the text.

First of all, one wonders what is meant by the statement that "the

machine's task is to fool the interrogator while the humanis assumedto

do his best to reveal his 'true' identity." There must be more to the

test than this, for one can always find somegrounds on which to fool an

interrogator. Dependingupon the kinds of questions asked, the "task"

may be either trivial or impossibly difficult. More to the point, how'

does one check the assumption that the humanis doing "his best to reveal

his 'true' identity"? Howdoes one know, for instance, that the human

has been properly motivated? Such knowledge or prior assurance pre-

supposes that we have already differentiated between manand machine in

order to verify the assumption. 8 Perhaps most crucial of all, who is to

be the interrogator? The answer to this question, as we shall see, will

8
Oettinger indirectly shows how we have unconsciously assumed

man as "the" standard for thinking. If we consider a machine as the

standard for computing, then it might be just as appropriate to say that

a machine is thinking: "If after exchanging an appropriate series of

messages with each room, the experimenter [i.e., the interrogator] is

unable to tell which holds the man and which the computer, the computer

might be said to be thinking. Since the situation is symmetrical_ one

could equally well conclude that the man is computing [underscoring
mlneJ." Anthony G. 0ettinger, "The Uses of Computers in Science,"

Scientific American, Vol. 215, No. 3 (September, 1966), p. 166.
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constitute the basis for our definition and validation of simulation. We

merely remark at this time that we may want the interrogator to be the

same human as the one who is trying to reveal his true identity, i.e., the

human who is being simulated. We might say that by being his own interro-

gator, one comes to discover his own true identity or equally the reality

of one's identity. Without pursuing the question of "truth" or "reality"

any further at this point, we may still note that we would surely expect

different declarations as to which is man and which is machine depending

upon whether the interrogator were the man's boss, his wife, his psy-

chiatrist, his research associates, or perhaps even some social scientist

acting as a participating observer. Certainly each of these interrogators

or investigators would surely have a different experimental purpose and

hence quite possibly a different criterion as to what constitutes differ-

entiation between man and machine. With this background, we have a right

to question the following statement: "The interrogator succeeds and the

machine is declared unable to 'think' if on a given number of trials he

[the interrogator] is able to identify which player is which on a better

than chance basis." This statement begs the question, for one of the most

difficult decisions to make in any experimental design is that of select-

ing the necessary number of trials or experimental runs. Another way to

raise the same objection is to consider the following question: which

level of significance assigned by which investigator (or interrogator)

gives "a better than chance basis" for discriminating between man and

machine? At present, there is no single answer that is "better" for any

specific experiment let alone for any general class of experiments. In

concluding our comments on this part of Clarkson's and Pounds' statement,

we note that later on we will want to examine more carefully what can be

meant by "think" in such a procedure.
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The question of which particular group or individual investigator

is performing the study again arises when one asks what constitutes the

data on the human's output. Data is not material that exists on its own

right. As Churchmanand others 9 have shown, there is no data apart from

a theory of data. In Clarkson's and Pounds' case, the data is inter-

preted in terms of a theory of humanproblem-solving as developed by

Newell, Shaw, and Simon.I0 In their view, humanproblem-solving can be

9Cf___aC.West Churchman, Prediction and Optimal Decision_ Philosophi-

cal Issues of a Science of Values_ Russell L. Ackoff, The Design of Social

Research; Russell L. Ackoff, Shiv K. Gupta, and J. Sayer Minas, Scientific

Method: Optimizing Applied Research Decisions; C. West Churchman, Theory

of Experimental Inference. Edgar A. Singer, Experience and Reflection.
Also, consider the following:

Is it possible to devise an information storage and retrieval system

that will conveniently retrieve pertinent records in response to all

possible questions? Unfortunately it is not. Any record we might choose

to examine has an infinite number of real or potential attributes, any

one of which could serve by its existence or absence to answer a possible

question.

This can be illustrated by considering an ordinary color slide that is

to be inserted in a collection of other slides. We can think at once

of a number of attributes by which it could be retrieved: the date of

the photograph, the location at which it was made, the names of [the]

individuals in the picture. To this we might add the name of the photog-

rapher, the type of camera, the lens, the film, the exposure, the light

or weather conditions under which the photograph was taken, the date

of developing, the developing solutions used, the specific developing

procedures. Each of these items could be detailed and embroidered in-

definitely. If we took another tack, we could go into almost infinite

detail on the content of the photograph: we could describe the relation-

ship of the people photographed to one another or to the photographer; we

could specify the presence or absence of all known or conjectured geo-

logical formations, plant or animal species, cloud formations, man-made

structures and so on ad infinitum. Not only is it impossible to create

an information storage and retrieval system that will respond fully to

all possible questions but also it would be prohibitively expensive to

try to approach such a condition. In practice all information storage

and retrieval systems must adopt more modest objectives.

Ben-Ami Lipetz, "Information Storage and Retrieval," Scientific American,

Vol. 215, No. 3 (September, 1966), pp. 226-227.

In other words, every information system collects some, and not all, of

the "facts" associated with a particular system. Which facts are col-

lected depend upon the objectives of the research, i.e., the methodology

and purposes of the researchers.

10Clarkson and Pounds, op. cit., pp. 17-18.
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characterized in terms of a set of basic information processes which oper-

ate on a vocabulary or set of variables which describe the problem and

its environment. The elements of the theory are in effect specific de-

cision "mechanisms" which direct one to look for specific decision me-

chanisms in the responses of human problem-solvers; the solutions to

problems are assumed to result from the theory's mechanisms. These

comments, of course, apply no less to the machine's output than they do

to the man's_ a particular theory of "machine behavior" directs one to

look for that kind of machine behavior. Now, if all our "data" is in-

terpreted through some theory of data collection (i.e., in essence, data

constitution), then our comparison between the man's and the machine's

output is certainly not a matter of "direct comparison." Clarkson and

Pounds admit as much when they state that "this comparison can be carried

out at many levels." If so, then surely the kind of data one collects is

not independent of the level of comparison. One certainly would collect

different data for different levels, and as a result, the criterion of

deciding when Turing's Test is satisfied would not be independent of the

different levels as well. In science, one does not collect data on

different levels without a theory of what constitutes a different level.

We also take exception with the statement that "the only restric-

tion is the level of detail of the data that can be gathered on the

human's decision processes." The restriction applies equally to the

level of data that can be gathered on the machine's decision processes.

Clarkson and Pounds themselves imply as much, for one always has a choice

as to which level on which to compare the man and the machine. As noted

in the text, we can apply the test to the machine's gross output as well

as to the level of individual decision mechanisms. Again, we will stress

the point that both authors make; both, the gross output as well as the
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individual decision mechanisms, are capable of a multitude of representa-

tions depending upon the purposes of different investigators. We also note

that the same investigator may choose to apply different representations

for different experimental purposes. In this context, "carrying the match-

ing process down to the level of the individual decision processes" does

not by itself make the tests any more discriminating. What we require in

addition is some assurance that the tests which are supposed to validate

the simulation are themselves valid. We can rephrase this as the follow-

ing: what validates the validation? Or, what is the criterion of proof?

After all, it has to be proved not simply asserted that we are actually

reaching different levels. What appears as a finer level in one circum-

stance may be a gross misapplication in another situation. In terms of

Ackoff's notion of a research model, ll part of the outcome of any research

is an ever richer notion of what constitutes a finer subdivision of the

problem facing the next research project. What constitutes a level of

data is not something to be defined once and for all but something to be

constantly re-examined in the light of every new simulation study.

We might summarize this part of the discussion by noting that the

"matching process" engaged in by the investigator represents the investi-

gator's verification process. What an investigator accepts as a verifi-

cation of a simulation study represents what an investigator believes

reality to be as much as reality is verified through the process. Thus,

as our beliefs change so does verification and, in a sense to be dis-

cussed, reality also changes. Contrary to a naive conception of science,

verification, as a result, is never a final process. Every new application

llRussell L. Ackoff, The Desisn of Social Research. See

especially chapters one through three.
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of a study is Just as mucha further verification of the study as it is a

further application. Finally, we state that for Turing's Test to be ap-

plicable we need a theory of the interrogator who verifies the test.

5. Mind Is Behavior

Before we can present our theory of the interrogator behind Turing's

Test, we need to examine some further concepts which the test presupposes.

One of those concepts is "reality." Our discussion can no longer avoid

considering a question we have been holding in reserve all this time:

What is it that a simulation is a representation of? Our discussion will

be guided by a paper of Churchman's, "An Analysis of the Concept of Simu-

lation." We will examine the concept of reality through the concept of

"mind":

• . . it is assumed that the concept of reality is meaningful

only when there are two minds. A single mind, receiving 'inputs,'

has no way of recognizing what is simulation and what is real.

It can only 'postulate' in a meaningless way that something--it

knows-not-what--caused the inputs; or that the inputs themselves

are reality; or that its own structure is reality. It cannot

know that other minds exist; it cannot satisfactorily know that

it itself exists. But consider the case of a second mind observ-

ing the first mind. The second mind observing the environment

of the first, recognizes the sources of the inputs, recognizes

how the first mind responds. The second mind can reasonably dis-

course on what is reality for the first mind. It can, in fact,

describe the reality of the first mind in terms of a set of

sentences. For all practical purposes it can regard the sen-

tences themselves as constituting the "reality" of the first mind.

All these abilities of the second mind are subject to error, of

course. But the theory of errors does not disturb the basic meta-

physical tenet that reality is meaningful only to a mind observing

another mind. Furthermore, the observing mind's reality is mean-

ingful only to another observing mind. For example, to this third

mind both the environment and the appearances of the first mind
are the realities of the second. 12

12C. West Churchman, ""An Analysis of the Concept of Simulation,

Symposium on Simulation Models, A. C. Hoggatt and F. E. Balderston, eds.,

pp. 1-2.
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As much is implied in Turing's Test or this seems to be the intent.

If not, we will so interpret this to be the test's intent, since we are

reconsidering the test for our purposes. Reality is something which is

decided by the interrogator. This much we accept, for ultimately, this is

the role that every scientific worker fulfills when deciding on the fit

between his model and the reality the model is supposed to stand for.

What we have been questioning is how the interrogator should decide and

who the interrogator should be. And this is where reality and mind become

intertwined. To say that the reality is in the human we are simulating

and that the representation is in the machine or in a computer program is

to say that we already know what the Real is. But this should be the

outcome of the research project, not something to be so sure about before-

hand. As we have been arguing, if we knew what were real in the first

place, why do the study at all? Besides, up to this point we have given

no arguments to the contrary which prove that a machine cannot display

mind and therefore cannot fill the role of the interrogator. In fact,

we wish to show that it is possible for a machine to display mind. Since

an interrogator only knows what is real by being interrogated himself by

another mind, we wish to demonstrate the sense in which a machine can

fulfill the role of that "other mind" or other interrogator.

In the end, reality is to be taken as a property of a collection

of minds, and not as a property of a single mind. Ultimately, reality is

a property of the largest "other" mind we can know, mankind; reality,

in this sense, is an historical process, since what we take as knowledge

of reality changes with historical progress. 13

At this point we will define more precisely what we mean by mind

so we can specify more fully in what sense a machine can be said to think

13Cf. C. W. F. Hegel, The Phenomenolo_ of Mind, translated by

J. B. Baillie.



I

I

I

I

I

I

I

I

125

To elaborate on what we mean by mind, we consider two basic modes

for defining an object or an event. They are structural and functional

classes. 12 Now, we wish to argue that while machines are not necessarily

structurally similar to men and while machines are not living purposeful

individuals, they can and do display that kind of purposeful behavior

which we, as other minds, label as mind. That is, we wish to argue that

it is not necessary for a machine to be alive for it to be able to dis-

play mind. It is not at all clear that a machine cannot think or display

any other function attributed to living things if we consider that the

line between the living and the nonliving is extremely difficult to define:

The living is not merely what is subject to functional explana-

tion. But many biologists have sought to discover specific

functions, which separately, or in combination, define life.

Among such criteria were offered those of 'irritability,' 're-

production,' 'self-preservation,' 'metabolism;' but for every

such offering one finds examples which fall into one of the

following: 1. Elements within the class of living beings which

do not display the function. 2. Elements in classes taken not

to be living which do display the function.

For example, certain types of butterflies cannot reproduce them-

selves but certain crystals can; a building equipped with elec-

tric safety devices can be considered to be self-preservative,

numerous chemicals display irritability, and gasoline engines

display metabolic processes. Attempts at combining the functions

have fared no better. In all cases it has been possible to con-

struct or point out mechanisms which display the functions offered

in a specific definition, but which are still excluded from the

realm of the living. Because of the failure of functional def-

initions of life, some biologists have sought to furnish mechan-

ical (more specifically, physico-chemical, or bio-chemical) def-

initions in terms of a basic living matter. These efforts seem

doomed to failure, however, because for each structural defini-

tion some matter can be synthesized which possesses the specified

physical and chemical properties, and yet is not taken to be alive. 15

Thus, the living and the nonliving are not to be distinguished in

a denotatively functional way. But then, we may ask, how are they to be

lhc__f. Ackoff, op. ci_t_t.,pp. 56-62. C. West Churchman and Russell L,

Ackoff, "An Experimental Measure of Personality," Philosophy of Science,

Vol. 12 (19h7), pp. 302-332.

15Churchman and Ackoff, op. ci___t.,p. 308.
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distinguished? In a connotatively functional way by the difference be-

tween the kinds of purposive behavior they display. The difference

between menand machines is a function of the kinds of group or collec-

tive behavior they are potentially capable of displaying. Man, but one

exampleof the class of living things, is defined with respect to the

collective behavior of other membersof the class of men.

As an example, let us consider a manwho wishes to build a chair.

Oneobvious reflection to make is that one can build a chair in manydi-

verse ways and, most likely, a particular individual will only use a

small subset out of all the possible ways. Nowwe wish to use this latter

and rather obvious reflection to makesomepoints which are perhaps not so

obvious. First, a number of morphologically dissimilar behavior patterns

(e.g., sawing, hammering, carving, gluing) which have nothing structurally

in commoncan be subsumedunder a single functional class, the set of

purposive acts which have in commonthe goal of "building-a-chair."

Second, a particular act of construction is only defined with respect

to the general class of acts that are considered as acts of construction.

That is, we have no desire to call any or all behavior "construction,"

but, at the sametime, we also wish to guard against the possibility of

our defining the class too narrowly. Basically, we wish to include all

the ways in which a mancan "possibly" build a chair so we can assert that

we have identified all the "potential" behavior patterns indicative of the

activity. Now, obviously our concern is not with chairs per se, but

rather with identifying all the diverse activities we wish to associate

with human behavior in contrast to machine behavior. The conclusion we

wish to draw is that a particular individual is identified as a member of

a general class of individuals because his particular set of behavior
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patterns (BP's) can be identified as one of the potentially available

BP's characteristic of members of the general class. Man is man, we

wish to conclude, because of the existence of other men to identify man-

like behavior. Man is man, it should also be noted, in contrast not

only to machine-like behavior but also in contrast to other life-like

behavior (i.e., other life-like BP's).

6. Can a Machine Think? Can a Man Think?

It may still be questionable as to whether the difference between

men and machines may be determined on the basis of BP's as future mach-

ines become increasingly capable of performing complex acts. 16 Perhaps

the most illuminating way to consider the question is to study the argu-

ments of one who considers the difference between men and machines, if

not decisive and distinct, at least potentially resolvable. Michael

Scriven's paper, "The Mechanical Concept of Mind," seems to us to raise

the issue in the most general way. He asks whether there is any

16A number of computer programs have been written that learn--

that modify their own programs in an adaptive direction on the basis of
experience. The existence of such self-adaptive programs takes most of

the meaning out of such statements as: 'A computer can only do what

you program it to do.' The statement becomes exactly parallel to a state-

ment like: 'A human being can only do what his genes program him to do.'

G. P. E. Clarkson and H. A. Simon, "Simulation of Individual and Group

Behavior," The American Economic Review, Vol. L, No. 5 (December, 1960),

p. 925.

In order for a [computer] program to improve itself substantially it

would have to have at least a rudimentary understanding of its own problem-

solving process and some ability to recognize an improvement when
it found one. There is no inherent reason why this should be impossible

for a machine. Given a model of its own workings, it could use its

problem-solving power to work on the problem of self-improvement. The

present programs are not quite smart enough for this purpose; they can

only deal with the improvement of programs much simpler than themselves.

Marvin L. Minsky, "Artificial Intelligence," Scientific American,
Vol. 215, No. 3 (September, 1966), p. 260.
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"essential" difference between a man and a machine. Although, as we

have seen, men have historically looked for the difference in such con-

cepts as "irritability," "reproduction," "self-preservation," or "metab-

olism," Scriven takes the essential difference to be one of "conscious-

ness." "The question we seek to answer with our everyday tests is whether

a man is conscious or unconscious: whereas of machines we enquire whether

they are capable of consciousness or not. "17

Scriven's argument is sufficiently general to warrant a detailed

criticism. Scriven begins with the assertion that machines are not alive.

True, he says, there are cases where living things are not conscious, e.g.,

trees and plants, and there are also cases where the consciousness of

living things is in doubt, e.g., a man in a coma, or a child of extremely

low I.Q., but nevertheless, only of living things do we entertain doubt

of their consciousness. About machines we have no doubt. They are not

alive. Therefore, they can not be capable of consciousness. But, as

Scriven continues, it might still be said that complexity of behavior

might be sufficient for a machine to attain consciousness. Thus,

Scriven's original question now becomes: "Is complexity of behaviour

or degree of organization essentially connected with consciousness:

even behaviour as complex as a man's? ''18 Apparently not!

We can sum up the problem very simply. Everyone knows what

'conscious' means; everyone knows he is conscious when he is

thinking or remembering, watching or reading. But there can

be no inner tests of other people's mental conditions and we

must Judge them from without, if we can _ud6e them at all.

This is where the difficulties begin. First, though it may

in fact be certain whether a man is conscious or unconscious,

we cannot always be certain from watching him or testing his

behaviour . . . the outward signs (including speech) are not

infallible indications of consciousness. It is therefore quite

certain that they are not, even in men, whom we know may be

17Michael Scriven, "The Mechanical Concept of Mind," Min____dd,

Vol. 62 (April, 1953), p. 231.

18
Scriven, op. ci___t.,p. 232.



conscious, the same thing as consciousness. Second, there is

the very different question of deciding whether something is

conscious, i.e. whether it is capable of being conscious ....

Behavior is not attached to consciousness as thunder is to

lightning .... The one does not guarantee the other but is

guaranteed by it. An indefinitely long series of behavioural

observations is not equivalent to the observation of conscious-

ness .... There is an essential connexion between the ca-

pacity for complex behaviour and Consciousness [i.e., the capa-

bility of being conscious]; the one is a necessary condition of

the other. But it is not a sufficient condition; and though

we may decide which living things are conscious from their be-

haviour, we cannot decide if everything is conscious from its

behaviour. Life is itself a necessary condition of conscious-

ness, and though behaviour is a factor which sometimes decides

the question whether a certain s_stem is alive, it is again

not the only one [underscoring mine].19

Everyone apparently knows his own behavior and thus can use this

as evidence of his own consciousness, but only because one is aware of

one's own consciousness to begin with. But what of the consciousness

of others? On Scriven's grounds, BP's are not sufficient to establish

another's consciousness. We need some additional evidence because the

observation of complex behavior by itself is nothing more than the ob-

servation. There is no guarantee that behavior no matter how complex

is the result or product of living things. Complexity may be necessary

but it is not sufficient to define consciousness. But then, we ask,

what is? Scriven does not say. All we are assured is that "Life is

itself a necessary condition of Consciousness, and though behavior is

a factor which sometimes decides the question whether a certain system

is alive, it is again not the only one." In fact, as Striven notes, the

behavior of many nonliving things is much more complicated than that of

living things.

The conclusion seems inescapable:

Machines do not even belong to the category of things which can

be dead or alive ....

19Scriven, op. ci__}_t.,p. 232-233.
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[Yet] it does not seem that there is anything in the construc-

tion, constituents or behaviour of the human being which it is

essentially impossible for science to duplicate and synthesise.

On the other hand there seem to be some important and meaningful

descriptions of human behaviour which can never be properly

applied to machines. We feel puzzled that the basis for a de-

scription can be reproduced, yet the description can not be re-

applied.

[Nevertheless], machines will never be conscious, because . . •

a reproduction of a man sufficiently exact to be conscious is
too exact to be still a machine. 20

The argument also continues on other grounds. For one, is it

possible that machines could ever think? Would it be possible to change

the meanings of "machine" and "think" so that we could assert in some

meaningful sense that "a machine can think"? The answer is no, for al-

though we may come to rely on computers to aid our thinking they remain

only aids to thinking and not thought itself. Computers are aids like

slide-rules and no one would dare call a slide-rule intelligent:

Unless operated by an intelligent being [a computer] is entirely

useless: but even when it is operated by an intelligent being,

it does not thereby become intelligent, only useful. It may be

entirely similar in construction to a human brain; but the human

brain is a physiological mechanism, no more intelligent than a

muscle. Certainly the brain is an indispensable component of an

intelligent being, unlike a muscle, and the relative intelligence

of various creatures may be deducible from their brain structure.

But it is the creature that is intelligent, not the brain:

people have good brains or mediocre brains, but never intelligent

brains: it is they who are intelligent. Now computers are not

even as well placed in this competition as brains; for they are

not indispensable to anyone's intelligence, any more than books

are indispensable to memory. And one can no more say that a

computer is intelligent than that a book remembers. This is the

argument that shows 'intelligent' to be an improper adjective

for the noun 'computer'. 21

According to Scriven, we have thus shown that intelligence like conscious-

ness is an improper name for a computer or machine. "It is also the

argument that shows there has been a change of meaning of one of these

.22
terms if the combination [say, thinking machine] has a proper use.

20Scriven, op. ci__!t., p. 233.

22Scriven, op. ci__t_t.,p. 236.

21Scriven, op. ci_!t., pp. 235-236.



The argument also has further dimensions. Supposewe were to

land on a foreign planet. Wemeet a robot who appears to be everything

that Scriven has denied up to this point: the robot appears to exhibit

intelligent behavior and in general appears to be an example of a

conscious machine. How, Scriven asks, can we convince the sceptic that

no matter how intelligent or conscious this robot appears to be it is

nevertheless no more than a machine? Oneway is if we can be certain

that "at every stage the behaviour of the components, and in large, of

the robot itself is mechanical. For else it maybe that the real origin

of its movements, speech, and gestures is somenon-mechanical influence--

a soul perhaps, or an alien being. ''23 If we had built the machine our-

selves, then of course we would knowthat we had built nothing more than

a machine. Let us suppose that this is the case; we knowthat we have

a machine because we built it. Still this need not imply that we can

predict our machine's every move. In principle we could say that this

would be possible, but in practice we would not always be able to predict

the machine's behavior quickly enough. The principle still holds though,

for given enoughtime the machine's behavior is predictable whereas at

present we cannot say the sameof humanbehavior. But even though we

cannot presently predict humanbehavior, this too in principle might

eventually be true; i.e., man's behavior might be equally capable of a

mechanical explanation. Nevertheless,

It is at least certain that we cannot prove that the robot is
[capable of being conscious]. For we have . . . a complete causal
explanation of all its behavior and this explanation does not at
any stage depend on its consciousness, and so its behavior cannot
be a proof of the possession of consciousness. Consciousness is
not a property which can be detected in a machine by any physical
examination, because it cannot be identified with any physical

characteristics of a machine .... The fundamental element . . .

is the subjective impression and it is.exactly this element whose

presence in the robot is in question. 24

23 24
Scriven, op. ci___t.,p. 237. Scriven, op. ci___t.,p. 238.
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With this we end our summaryof Scriven's paper. Now, what can we

say about Scriven's arguments? First of all, it appears to us that in-

stead of proving the essential difference between men and machines to be

consciousness, Scriven has merely asserted the difference; i.e., machines

are not conscious because machines are not living things and only living

things, he asserts, are conscious things. In its briefest form, the argu-

ment seems to read, living things are conscious because they are living.

Now, however appealing this argument may be to common sense, Scriven's

Job as a critical analyst, is not to make appeals to common sense but

rather to validate common sense. The very premises or hypotheses of the

argument used to assert the difference are the very things we want proved.

Lest we be misunderstood, we are not necessarily denying that machines

are not alive. We are raising instead the point how we can know scien-

tifically why they are not alive, and more precisely, in what respects

do machines differ from living things? As we showed earlier, the answer

is not clear. As Scriven himself admits, step by step, function by

function, a machine can imitate a living being, so again wherein really

lies the essential difference?

The ground shifts. Scriven now takes the essential difference to

be that we alone can know with positive assurance our own thoughts. Of

the inner thoughts and feelings of others we may have doubts but of ours

we need entertain none. We only know of others by way of their gross be-

havior but of our own behavior we directly know because we directly ex-

perience our own consciousness to begin with. But if we now ask how we

really know of our own inner consciousness, we must answer, as Scriven

does not, but as he would nonetheless be compelled to on the basis of

his own hypotheses, that we only observe our own gross behavior as well.

Why then doesn't this doubt of the behavior of others spread to ourselves?
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It must, for his argument smacksof solipsism, of isolated minds, each of

them only sure of his own existence and each of them doubting the exist-

ence of others. While one is supposedly in direct touch with his ownmind

he has precariously little touch with others. Except, we ask, can one

really know the existence of his own consciousness without knowing the

consciousness of others? Wewould have to answer no, unless there is

someoneamongstus so privileged as never to makemistakes; someoneso

privileged who would never have need of others to inform him of his for-

getfulness, of his carelessness, and perhaps even of his true intentions.

Consciousness, contrary to the notions of the Solipsist, is a process of

interacting with other minds and things in order that one may check that

his self-knowledge is indeed general knowledge and not self-delusion.

A single individual, we emphasize, cannot always say that he is aware of

his own perceptions. As Scriven himself notes, there are cases, e.g.,

the man in the coma, where a man cannot be said to be conscious. We

must say instead that manas a memberof the class of menhas the poten-

tial for consciousness where, if the potential is to be realized, it must

be realized collectively and not individually. Again, we point to the

notion that the richest sense of consciousness is a property of no one

single mind but of all minds, for no one mind can be said to contain all

the facets of knowledge or perceive all the individual modesof conscious-
25

ness. If one man were simultaneously physicist, doctor, psychiatrist,

historian, sociologist, artist, and theologian for now and ever more,

then we might seriously entertain the notion that one mind and one mind

alone could know that he were perfectly conscious. Of such a man it might

be said that he knew, without the slightest possibility for error, the

25Cf. Hegel, loc. cit. We interpret this to be one of the main

theses of the Phenomenology.
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had to master what innumerable intellectual groups have been unable to

comprehend. For a single individual to be truly conscious, that indi-

vidual would have to have the consciousness of a group mind.

One must agree with Scriven though when he argues that complexity

of behavior by itself is not sufficient to define consciousness. It is

not the complexity of behavior per se but rather the morphology or func-

tion into which a BP falls that makes the BP an aspect of a living

thing, for no single BP by itself is indicative of life. In fact, every

BP by itself is capable of machine reproduction. This is why we have

emphasized the notions of a morphological class and of class membership.

A living thing, we repeat, is characterized by its potential ability to

use different BP's, i.e., morphologically dissimilar behavioral acts,

in order to obtain a common goal. Earlier we gave the example of

"building-a-chair," we can also give the example of a man who may either

walk, trot, run, bicycle or drive a car in order to obtain the goal of

crossing a city. Now, of course, we have begged a crucial question all

along: who is it that defines the BP's indicative of life? All we do

at this time is to note that it is another mind who creates the morphol-

ogies for a particular scientific investigation, each investigation in

general requiring its own set of BP's which differentiate between the

living and the nonliving. Note that even here we are not saying that

there is still some essential difference between the living and non-

living, since for every essential difference we can define, some machine

can be built to produce that "essential difference." Thus, to say that

another mind defines the categories of life is not to say that we or the

other mind can unambiguously differentiate between what is living and

what is nonliving.
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Let us modify one of Scriven's statements somewhat by inserting a

negation: "[A] reproduction of a man sufficiently [underscoring mine]

exact to be conscious is [NOT] too exact to be still a machine." When

we consider that we d__odefine consciousness as BP's, that consciousness

within the context of a scientific investigation i__sa BP, then a reproduc-

tion which is "sufficiently exact" to display those BP's characteristic

of consciousness could be an exhibition of machine consciousness. De-

pending on the experimental purpose as measured with respect to some

26
idealized research model, one could have numerous sufficiently exact

definitions of "sufficiently exact" for "machine consciousness."

As for the argument on the grounds of usefulness, i.e.,

Unless operated by an intelligent being [a computer] is entirely

useless . . . [the computer like the brain is] no more intelli-

gent ths_n a muscle . . . it is the creature that is intelligent,

not the brain: people have good brains or mediocre brains, but

never intelligent brains: it is they who are intelligent. 27

Scriven misses the point. Since a group of minds definethe purpose of

an object, they in effect define what can be said to display mind. That

any one purposeful BP is not the whole of that behavior we call mind-

like is not in dispute. But, the point is that Scriven assumes that we

already know that the "it" is or the "they" that is intelligent, whereas

the most important use of objects may indeed be to reveal what is mind-

like about the human-mind in terms of non-human objects. Machines,

after all, even if built by humans, can and do teach other humans how

to become intelligent.

[One] can no more say that a computer is intelligent than that
a book remembers. 28

Of course a book does not remember. The point is though that a book is

an aspect of that kind of behavior we associate with "remembrance." A

26
Cf. Ackoff, loc. cir.

28Scriven, op. ci__t.,p. 236.
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27Scriven, op. ci__t_t.,pp. 235-236.
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book is an additional example of the phenomenon of mind which produced the

book. A book is a testimony to mind. 29

The robot argument also has its defects. As Singer 30 showed every

event in Nature is potentially capable of a mechanical explanation. At

the same time all phenomena can be equally described in teleological terms

such as to resolve any vitalist-mechanist controversy. In terms of our

previous discussion, every event in Nature can be described equally in

structural or fUnctional terms; this becomes especially evident when we

recognize that every fUnctional description presupposes some structural

description and vice versa. Thus, we need not worry about "mysterious

soulful forces" or "non-mechanical influences" since we can always define

functionally or teleologically what we are presently unable to define

mechanically. And we can define our functional classes in such a way

that the functional, in terms of an idealized research model, becomes

potentially susceptible of a mechanical explanation as science progresses

in developing more encompassing schemas. The only one who need be dis-

turbed about some scientific explanation of "mysterious forces" is he

who wishes to preserve the mystery for mystery's sake.

Assuming we ourselves have built the robot, as Scriven notes, is

to guarantee that we know what it is that we have built. To be sure,

we know that we have built some kind of a machine, but this in itself

is not enough to inform us of the essential differences between men and

machines, since, for one thing, if consciousness is not identifiable with

29McCarthy cites as a possibility an information system where,

"Everyone will have better access to the Library of Congress than the li-

brarian himself now has .... The system will serve as each person's ex-

ternal memory, with his messages in and out kept nicely filed and reminders

displayed at designated times." John McCarthy, "Information," Scientific

American, Vol. 215, No. 3 (September, 1966), p. 71.

30Edgar A. Singer, "Mechanism, Vitalism, Naturalism," Philosophy

of Science, Vol. 13, No. 2 (April, 1946), pp. 81-99.
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any componentof the machine, it is not equally identifiable or localiz-

able in any part of the humanmachine. Furthermore, to say that one has

a causal explanation of the machine's behavior, even if one has built the

machine, is to postulate a lot.

It is also a lot to say that "given enough time in principle we

could predict the machine's every move." Consider what Turing has had

to say about this:

It will seem that given the initial state of the machine and the

input signals, it always is possible to predict all future states.

This is reminiscent of Laplace's view that from the complete

state of the universe at one moment of time, as described by the

positions and velocities of all particles, it should be possible
to predict all future states .... But the number of states

of which [a digital computer] is capable is usually enormously
large. For instance, the number of states for the machine now

working at Manchester is about 216_°°°, i.e., about i0 s°'°°°.31

Yes, in principle, we could predict the machine's every moment, but if

we could accomplish such an enormous Job for a machine, why couldn't we

in principle accomplish the Job for a man? The fact of the matter is

that we have no causal explanation for most of our machines for all

possible uses or purposes under all possible conditions. A moment's re-

flection on the different kinds of causality 32 we have at our disposal

and on the enormous effort involved in establishing that a particular

kind holds should be sufficient to demonstrate the vacuousness of Scriven's

claim. If only we had causal explanations of machine behavior! This is

31A. M. Turing, "Can a Machine Think?" Computers and Thought,
E. A. Feigenbaum and Julian Feldman, eds., pp. 17-18.

32C__f.Ackoff, op. cit., pp. 65-68; see also, Ackoff, Gupta, and

Minas, op. ci___t.,pp. 15-19. The three forms of causality which science

recognizes are (i) cause-effect or deterministic causality, (2) producer-

product or probabilistic causality, and (3) correlation. The three forms

correspond to (i) a phenomenon X is both necessary and sufficient for the

occurrence of another phenomenon Y, (2) X is necessary but not sufficient

for Y, and (3) X is not known to be either necessary or sufficient for

Y's occurrence (X and Y tend to be present or absent together).
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not to say that we can't in principle; this is merely to illustrate the

difficulties in practice. If we can postulate so muchabout machines,

why can't wepostulate as muchabout menand remove the "subjective im-

pression" which constitutes the "fundamental element" of the humanmachine.

Presumably, Scriven knows "objectively" that the "fundamental element" of

the humanelement is some"subjective impression." Howparadoxical to

know so positively about that which is inherently subjective, i.e., in-

capable of objective expression.

Scriven's difficulties began when he took consciousness as a prim-

itive term which, as a primitive, he didn't feel the need to define:

,,33
"Everyone knows what 'conscious' means. On closer inspection of course

consciousness does need to be defined: "Life is itself a necessary con-

dition of Consciousness. ''3_ But now if we ask for a definition of "life,"

unfortunately, none is forthcoming. Life, it turns out, is the funda-

mental primitive of Scriven's paper: "In the first part of this paper,

we worked on the basis of a fairly simple idea (an unanalysed concept

Iunderscoring mine])of machine and living organism. ''35 This is the de-

fect of the argument; it does not analyze its basic terms. As a result,

Scriven cannot tell what is different between man and machine because

he cannot tell us what is not different.

In sum, we need not say that a machine is alive in order for it to

be life-llke. We need not devaluate human importance in order to recog-

nize machine importance. In fact, one of the best ways to find out what

is of human importance about man may be to find out all that i_smachine-

like, and in this way, to find out all that is not machine-like. 36 We

333criven, op. cit., p. 232.

35Scriven, op. cit., p. 239.

36Consider what yon Neumann has had to say:

34Scriven, op. ci__!t,p. 233.
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We need not accept untenable arguments about the nature of men and

machines in order to assert man's eminence. Acceptance of poor arguments

as to the "essential difference" seems to imply the converse, man's lack

of eminence.

We also wish to make another point about the nature of mind. Along

with Scriven, we must agree that the mind and the brain are not neces-

sarily the same. While the brain is in the head (if we ignore such crucial

items as the spinal cord), we cannot necessarily say the same for the mind,

for the evidence for mind is a certain set of BP's we label as characteris-

tic of human mind-like activity. 0nly part of the evidence would be

neurological BP's and hence only part of the evidence is roughly associated

with the brain. In this sense, most of the evidence for mind takes place

away from the body, in books, in cities, in languages, and in culture in

general. The rule therefore is that culture is mind. 37 The reader, we

trust, can readily perceive the truth of this rule if he will merely take

Natural organisms are, as a rule, much more complicated and

subtle, and therefore much less well understood in detail,

than are artificial automata.

The point is that "artificial automata" tell us how complicated "natural

automata" are; they tell us what "natural" is. "Natural" is always quite

"artificial," for the natural is always an artificial construct of ou___r

making. Von Neumann implies as much,for as he continues:

Nevertheless some regularities which we observe on the or-

ganization of the former [i.e., natural automata] may be quite

instructive in our thinking and planning of the latter [i.e.,

artificial automata]_ and conversely a good deal of our exper-

iences and difficulties with our artificial automata can be

to some extent projected on our interpretation of natural or-

ganisms.

John von Neuman, "The General and Logical Theory of Automata," The World

of Mathematics, Vol. h, James R. Newman, ed., p. 2070.

37Cf. Hegel, loc. cit.
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the time to reflect on the fact that while he probably knows people who

no doubt have a brain, whether they also have a mind is not beyond doubt.

7. Rationalism and Empiricism

To summarize up to this point, we have been approaching the notion

of reality through the notion of mind, and what we have done so far is

to say that mind will be defined as a certain kind of behavior. What

we have yet to determine is the kind of mind or behavior the interrogator

of Turing's Test need manifest in order to validate a simulation. To put

it otherwise, the mode of reality that the interrogator assumes equally

describes the mind of the interrogator.

Now, there seem to us to be two basic approaches to reality that

investigators in the field of simulation have used. The first approach

seems to imply that system data can be collected independently of the

criterion of simulation. In this view, the "data" themselves are real

and the program based upon the data is the representation of reality.

In its most sophisticated version, the data are collected according to

one theory and the simulation model is tested against the data according

to another theory. Clarkson's simulation of the behavior of a trust in-

vestment officer in constructing a stock portfolio would be a classic

example of this type.38 The trust investment officer's behavior, the

"data", were collected according to the theory of human problem-solving

as postulated by Newell, Shaw and Simon. Since we have already outlined

the nature of their theory earlier, we shall say no more about it here.

What we shall note is that the computer program constructed from the data

based upon Newell, Shaw, and Simon's theory was tested against another set

of data, the "direct behavior" of the trust investment officer, according

38Geoffrey P. E. Clarkson, Portfolio Selection: A Simulation of

Trust Investment.
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to a series of statistical tests. That is, after the simulation model,

in this case a computer program, was constructed, the program's output

was "directly" compared with the man's output and the two outputs were

Judged for "goodness-of-fit" according to various statistical tests.

In its least sophisticated version, contrary to Clarkson's study,

an experimenter contends that he need presuppose no model in order to

collect the system's data. In this view, while a theory might be neces-

sary for writing a simulation model for testing the model against the

"raw facts" of the real world, the facts as facts would not be dependent

upon any theory for their existence or perception. This tradithn in

Western science has been characterized by Churchman as Naive Empiricism. B9

As an historical tradition, this attitude is still to be found through-

out science; it is not necessarily to be associated with any particular

20
simulation study.

On the other hand, there also seems to be another attitude towards

simulation which stresses the need for logical rigor instead of empirical

data. The archetype of this class is perhaps best represented by the

41
Logic Theory Machine, also by Newell, Shaw, and Simon. The task of the

Logic Theory Machine is to prove theorems in the sentential calculus, the

criteria of proof being part of the machine's internal program. The cri-

teria of proof also work in this case as heuristics which guide the

proving of theorems; in effect, a property of the system, i.e., the

validity and the consistency of certain rules are both the criteria of

39Cf. C. West Churchman, Theory of Experimental Inference,

Chapter Vl.

4o
This is also the moral to footnote 9.

41
Allen Newell, J. C. Shaw, and H. A. Simon, "Empirical Explora-

tions with the Logic Theory Machine: A Case Study in Heuristics," Computers
and Thought, E. A. Feigenbaum and Julian Feldman, eds., pp. 109-133.
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proof and part of the strategy for constructing proofs. In this case, the

system i sthe set of rules which define the structure of the Logic Theory

Machine. Onemay, of course, not like the particular structure Newell,

Shaw, and Simonhave assumed; if so, one is free to define other structures

and other logics. As we shall see, the Logic Theory Machine is part of

another tradition in Western science which we associate with Rationalism.

While Newell, Shaw, and Simon are certainly not to be classified as

rationalists, we might say that to a rationalist, the Logic Theory Machine,

whatever its logical structure, would represent a superior form of knowl-

edge in contrast to knowledge based upon the contingencies of empirical

data. For a rationalist, the knowledge of the Logic Theory Machine would

be superior in the sense that the truth of the proved theorems would

apparently be above the vagaries of humansense perception.

The two traditions in simulation might be best represented by two

of the main section headings that Feigenbaumand Feldmanuse to divide

their book, Compaters and Thought. We would identify the empirical

,,42
tradition with the "Simulation of Cognitive Processes, and the rational

tradition with the field of "Artificial Intelligence. ''43 Note that,

42Consider, for example, what Clarkson and Simon say: "To write

a heuristic program of a decision-making process, we do not first have to
construct a mathematical model, and then write a program to simulate the

behavior of the model. We can directly write a program that manipulates

meaningful symbols in the same ways. that. (we,,hypothesize) the human dec.islon
maker manipulates them [underscorlng mlne]. Clarkson and Simon, o__. clm.,
p. 925. Of course, one may need presuppose no "mathematical model." The

question is whether one can "directly" write a program without presupposing

any model. See also footnote 9.

43It is almost as though those who work in the field of artificial

intelligence are saying that the most efficient way to understand and to

simulate human thought processes is to investigate formal systems whose

behavior is clear and distinct. Consider what Feigenbaum and Feldman say:

The fascination with mechanical theorem proving for most of the

researchers working in this area lies less with the end (the pro-

duction of theorems, perhaps new and important) than with the

means (a thorough understanding of the organization of information
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properly speaking, the division between pure and empirical studies is

not complete. Even the Logic Theory Machine was run for data, i.e., for

various heuristics, the machine's success in actually proving theorems

was investigated. Furthermore, the Logic Theory Machine became the basis

for the General Problem Solver which attempted to simulate how people

actually solve logic problems, h& The traditions are not meant to be used

as a precise way of classifying studies, rather they are to be taken as

a guide for indicating the relative emphasis or spirit of studies in the

field.

On the basis of our discussion, a question we want to consider is

the following: Can either the investigator or the interrogator assign

reality to the data in the spirit of empiricism or must they, in the

spirit of rationalism, assign reality to a formal model of a system? In

order to answer our question we wish to examine the doctrines of these

two schools of thought a bit further. Our examination will still be quite

general, as we have no desire to review the entire history of Western

epistemology; we merely wish to illustrate the importance of these

schools of thought for our topic.

Rationalism we will characterize as expressing a basic concern

with the whole of reality, with the whole system. For the rationalist,

the concern was not with a particular subsystem, for essentially, they

processing activity in mathematical discovery). It is felt that

understanding these problem-solving processes is an important step toward

the programming of more complex and general problem-solving processes,

for a variety of intellectual tasks. In theorem-provin_ research ,

as in the game-playin_ studies_ the simplicity of the formal system allows

most of the research effort to be devoted to understanding problem-

solvin_ processes rather than to modelin_ the task environment [under-

scoring mine].

E. A. Feigenbaum and Julian Feldman, eds., Computers and Thought, p. 107.

Notice the emphasis on "simplicity" and "formal systems."

hhAllen Newell and H. A. Simon, "GPS, a Program that Simulates

Human Thought," Computers and Thought, E. A. Feigenbaum and Julian

Feldman, eds., pp. 279-293.



asked, how could one even identify something as a subsystem without first

having identified the general system of which it was a subpart? The

question naturally arises then how one is to identify a general system,

and once having asked this much, it is but a short step to the question

of how one might conceptualize the "most general" system. In the language

of the systems engineer, we could say that the interest lay with defining

the optimal representation of the most general system. The affinity with

the systems engineer becomes even greater if we realize that for the iTth

century rationalist, defining was the modern counterpart of design. To

continue the parallel, we could say that before the rationalist would

have felt qualified to design a particular system, he would have required

a general theory of systems design.

Another way to understand the rationalist's point of view is to

say that he was concerned with discovering the first principles of knowl-

edge that would be true for every system no matter what the particular

experience happened to be. The first principles were to be the fundamental

laws governing the nature of man's knowledge of the world. Perhaps we can

better understand the rationallst's concern if we understand what he

certainly did not consider as fundamental, i.e., empirical experience.

The distinction was between the contingencies of particular examples of

imperfectly existent systems and the universal necessity of the perfectly

conceived laws of formal science. It should be no surprise to discover

then that for the rationalist the ideal models of perfection were the

purely formal systems of mathematics and logic whose truths were taken to

h5
be universal.

h5
. . . the rationalists not only demanded a perfect whole-system

as a standard for system design; they also demanded a fully quali-

fied proof of the perfect whole-system. The rationalist was above

all a scientist, and for him nothing can be admitted to the fund of

knowledge that has not passed the most carefully designed criteria
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On the other hand, there is also the tradition which appeals to

nonformal systems. The appeal is directed away from the purely formal

laws of reason to the objects of experience and to the testimony of

the senses. For this position reality or the laws of reality are ulti-

mately to be built up from finite sets of simple facts or basic system

elements. The simple facts are to be a direct expression of the immediately

given in experience, i.e., given without the necessity of presupposing

26
any general laws of experience. We might say then that the distinc-

tion between the empiricist and the rationalist is rooted in the nature

of the primitive realities or unquestioned assumptions their respective

positions presuppose. For the rationalist, the primitives were rooted in

the fundamental laws of reason to the exclusion of particular experience,

and for the empiricist, the primitives were rooted in the fundamental

facts of experience to the exclusion of what were to him vacuous laws of

reasoning. The concern of the rationalist was not with "the particular

and transitory objects of experience" but with the fundamental nature of

all objects and of all experience. For the emprieist on the other hand,

the object of experience that he had before him in the concrete here and

now was the basic reality of his senses.

8. Rationalism and Empiricism and Man-Machine Dialectics

Now, in a sense, this chapter is reliving this basic struggle be-

tween the themes of the rationalist and the empiricist: Is reality to

be assigned to the empirical man, the data, or to a computer program

of objective truth.

C. West Churchman, "On Whole Systems," Space Sciences Laboratory Internal

Working Paper No. 31, University of California, Berkeley.

46Cf. C. West Churchman, Theory of Experimental Inference,
Chapter IV.
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which simulates the man's empirical behavior? To sweep in Turing's Test,

is the interrogator to be a purely formal test which decides on the fit

between the program's output and the man's output or is the interrogator

to be some nonformal test which decides on the fit between man and program

on the basis of some intuitive test? In a sense, the moral to our story

is that both the program and the man are to be the reality of the situa-

tion, and that both a formal test and a nonformal test of the goodness of

fit between man and machine are to be the interrogator. It remains to

give the rationale for our moral.

A program is to be the reality of the system in the sense that as a

program it represents a formalization of the general rules of human be-

havior for that particular system. Even if we have only simulated a

single human being the program is general in the sense that it represents

the general rules of behavior for that individual. Yet, at the same time,

the man is also to represent the reality of the system for the reason that

the man's behavior is the basic system that gave rise to the program.

Most investigators might say that the man's behavior i_s"the" only

reality, period. But, to the extent that a program is a general expression

of the behavior 47 of a man, and hence, a formulation of a man's mind, a

program can serve as a standard to which the man can refer his "actual"

behavior for comparison. To the extent that a program as a standard

modifies the man's actual behavior because, as one example, a program re-

veals inconsistencies, the program becomes the new or actual reality of

the situation that is capable in turn of giving rise to a newer reality

hTwe do not mean to imply that a particular program is a general

expression for all of a man's possible behavior. The program is a

general expression of those particular BP's studied, and only for those

particular BP's.



changedbehavior on the part of the man. And so it goes back and forth.

A better program in the sense of a more general program may precipitate

extensive revisions in the man's basic BP's, and this in turn may form

the basis for an even more general program. Each generation of programs

represents an historical evolution in the formal representation of the

system and of the mind of man.

Weare proposing then that the test of a simulation sweepin more

than the usual fictional, unbiased and impartial scientific investiga-

tor. (Fictional, because science lacking complete knowledge of human

behavior has yet to prove that it does indeed obtain unbiased and im-

partial scientific observers. The problem for science is to showhow

we can take account of our values so we can "adjust" work performed

under less than standard conditions to standard unbiased conditions.) We

also wish to sweepin the user of a simulation who, in the case of a human

system, will most probably be the manbeing simulated. Not only should

we as scientific investigators be interested in assigning reality as we

see fit either to the manwe are modeling or to the program or model of

the man, we should also be interested in having the man assign reality

to either himself or to the program of his behavior as he sees fit.

After all, what the mansees fit to call reality in this situation may

be the most revealing piece of evidence about the reality of the system,

which we as investigators can collect.

At this stage, our proposal for the criterion of validating a

simulation is mostly intuitive. By intuitive we meanthe opposite of

481n Scriven's terms, we might say that the consciousness observ-

ing is also the consciousness observed. The consciousness studying

reality is also the consciousness becoming real, i.e., the conscious-

ness becoming conscious.
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a formal test procedure with well-defined steps. We propose that a man

as one mind observing another mind state whether that other mind, in

this case the computer program, can inform him of his own mind by acting

as a representation of the man's BP's. Essentially, we would be asking,

"Would you be willing to accept the program as a substitute for your

own mind?" In this context, we are saying that the man fulfills the

role of the interrogator in Turin_'s Test_ and since the man can only

fulfill this role because of the existence of a program, the program

also acts to fulfill the role of the interrogator. Man and machine have

become inseparably bound together in the process of discovering their

individual roles. What we have done therefore Is to examine the sense

in which a man and a program of a man can in turn fUlfill the role of the

reality of the system being simulated and, in turn, the role of the in-

terrogator. We have at the same time been illustrating the sense in

which the man simulates the program if the program can be said to simu-

late the man.

Our version of Turing's Test is intuitive in the sense that so

far all we have done is to imply that depending on whether the man merely

says that he "accepts" or "rejects" the program, that this by itself

is a valid test of the simulation. But our proposal is not put forth in

the spirit of wishing to preserve its intuitive character. The spirit

of our proposal is certainly not to persuade the scientific community to

be satisfied with a simple report of "accept" or "reject." The next

chapter will illustrate how we can make our proposal more formal.

To the extent that we have emphasized the role of the person being

simulated as a possible Judge of the simulation, our proposal is for the

development of a behavioral theory of Turing's Test. In the usual scien-

tific investigation, the role of the interrogator is most commonly fUlfilled
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by the experimenter himself. As Churchman expresses the matter,

Consider, for example, the Samuel checker playing machine that

seems to perform reasonably well in the task of playing checkers.

Does the machine know that it has indeed performed well? The

right answer seems to be 'no'. Then what is the system that

does know this? The answer seems to be 'Dr. Samuel and his
friends'. 49

Of course, strictly speaking, the investigator almost invariably delegates

his role to some series of statistical tests whose function it is to

"Judge" whether the BP's of the man and the BP's of the program cannot be

differentiated between on a better than chance basis. At least this

seems to be common procedure in the behavioral sciences. Since the act

of "delegation" is at the core of the procedure, one does not get around

the need for a behavioral theory of simulation by avoiding the use of

the man being simulated as the Judge of the simulation. Since the ex-

perimenter is also a man who judges one has the right to question whether

his own BP's are in the best interests of scientific procedure. Because

the crucial part of the experimenter's role is how he decides to delegate

his role, the crucial part of any experimental design depends upon the

experimenter's behavior. For example, the question of which statistical

tests to use and which variables to test are questions that statistics

does not answer. These, the experimenter decides. What statistics does

is to say that if the variables are of such and such a nature (e.g.,

normal or poisson) and if it is relevant to test for, say, the difference

between the means of two populations, the____ntheze are certain statistical

procedures which perform the test in various senses of a "best statisti-

cal test." Since we are interested in observing more than the usual

49C. West Churchman, "Rationalist Inquiring Systems," Space Sciences

Laboratory Internal Working Paper No. 31, University of California,

Berkeley, pp. 3-h.



150

scientific observer perceives through the usual notions of statistical

tests, we have emphsized the necessity for formalizing the role of the

man being simulated.

We can probably best explain our motivation for introducing an

intuitive test by contrasting our informal proposal with the "supposedly"

formal policies of another. Clarkson, as we mentioned earlier, validated

his simulation on the basis pf various statistical tests. While we have

no desire to reject outright the use of statistics, since, for one thing,

one would most likely want to use a statistical design somewhere along

the line in formalizing our intuitive test, we do wish to point out how

Clarkson's own tests become informal. Let us consider that Clarkson, as

to be expected, obtained differences between the behavior of the trust

investment officer and that of the computer program with respect to the

stock portfolios they selected. Now, of course, the differences were not

grave, but the point is that this required a human evaluation, Clarkson's;

in effect, thi__swas the part of the study that was anything but formal.

In Clarkson's case, as in any scientific investigation, the inves-

tigator must decide on the error between the system and the system model

that is allowable. Now, here's the point: In general there are three

possible ways in which errors or differences between the system and the

model can be accounted for:

The first is that the model is correct in that it correctly

determined that these stocks were overpriced. Under this hypoth-

esis the discrepanc_ resulted frmm the trust officer not noticing

that he was violatin_ his own rules on evaluatin_ stock prices

tunderscoring mine]. The second answer is an adaptation of the

first--namely that although the rules incorporated in the model
are in themselves correct the model was at fault for not allowing

for possible time lags in noticing that a stock was over-priced.

The third possible answer is that the model's rules are wrong

and that in fact the two companies were not over-priced. The

evidence from the protocols [a record of the trust investment

officer's running comments while forming a portfolio] is suffi-

cient to reject the third possible answer, but it is not suffi-

cient to discriminate between the first two. It seems quite
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likely that the second comes closer to describing what was taking

place, than the first--that is, that the model chose incorrectly
by not allowing some changes to go unnoticed. 50

In other words, even though the model was partially at fault, it was

Clarkson, not statistics, who was the final arbiter in deciding to

accept the model as a valid simulation of the man. It was Clarkson who

intuitively ("It seems quite likely [underscoring mine] that the second

_ypothesis] comes closer to describing what was taking place, than the

first.") chose between the first and second hypotheses.

It is unfortunate that the trust investment officer was not swept

into the process. Since one always has a choice between accepting the

model or rejecting the data, it would have been informative to have the

trust investment officer himself compare his own behavior with that of

the program. If the officer were to admit that he was indeed violating

some of his own rules, then he would be implying that the program is

real in the sense we discussed earlier. Namely, the program would be

real if it were to act as a modifier of the officer's behavior. If the

program were accepted as correct, then we could say that the man was

simulating the program. Unfortunately, we repeat, we do not know from

Clarkson's study if the trust investment officer would accept the program

as an aid to bis decision-making.

At this time we wish to make some additional comments in a

further attempt to Justify our proposal for an intuitive test of a

simulation. Our Justification will take the form of noting some of the

general criticisms which can be leveled against both the rationalist and

empiricist modes of thought. In a sense the rationalist's most funda-

mental problem is to show how his fundamental laws of reasoning to which

all experience must conform are indeed fundamental. In general, it would

5O
Clarkson, oil. cit., p. 68.
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appear that what is taken to be fundamentally rational is Justified in

either one of two ways. In the first, some system of rational laws is

taken as a fundamental means which is necessary for the attainment of some

basic end; in this case, the end is not part of the original rational

system of laws. In the second way, the system is taken as an end in it-

self; in this case, the system is fundamental by definition. Now, for

fundamental defined in the first sense, we have a right to wonder why the

system by itself is fundamental, since it is dependent upon something

outside the system for its fundamental Justification. It appears that

the something outside the system, the basic goal, is more fundamental than

the original system. And, if in the second sense, the goal is part of

the system, what is it that forces us to accept the system or goal as

fundamental? As an example, why are mathematics and logic the most general

forms of knowledge, and if they are, which particular formulation of them

is the most general form? Most general, we ask, by whose definition for

which purpose?

A more pertinent criticism of rationalism for our purposes takes

the following form: If experience must conform to the laws of reason,

how do we ensure ourselves that experience actually does? As soon as

we realize that we have to ask which particular set of. laws of reason

it is that we wish to have experience conform to, then we are led back

to the questions of the preceding paragraph. If at this point we say

that perhaps the question can be answered by some direct appeal to exper-

ience, i.e., in certain circumstances certain kinds of reasoning are

fundamental for certain purposes, then it appears that contrary to the

original hypotheses, reason must now conform to experience. An example

here would consist of the case of the pure mathematician who uses experi-

ence in order to discover how his theorems are to be proved and also of
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that can be proved.

On the other hand, the empiricist is equally beset with funda-

mental difficulties. As we argued much earlier in this chapter, the

empiricist must use some general rules in order to collect his "simple,"

"basic," or "raw facts." Presumably, one needs some general theory of

experimental design in order that one can satisfy himself that his data

are indeed the basic data he ought to collect. 51 In general, it would

appear that data are never truly raw. If there is a qualifier to be

applied to "data," then it is in keeping with the theme of this chapter

to say that data is either consciously or unconsciously collected.

Consciously collected data is data which is collected by an experimenter

who is consciously aware of the experimental design his and every

research project presupposes. This kind of experimenter recognizes that

the existence, and hence the collection, of data always presupposes

some kind of model. If there is really any kind of raw data, it is data

which is gathered by a raw experimenter, unconsciously using an un-

analyzed experimental procedure.

Here we wish to re-emphasize the role of the man being

simulated as a possible Judge or arbiter of the dispute between a

rationalistic and empiricist view of reality. And at this point, we wish

to emphasize the specific role of DESIGN in this process. While the

program is not a perfect substitute or representation of the engineer's

design behavior, it is not a complete failure either. The program sim-

ulates some aspects of the engineer's behavior quite well, so well in

fact that the program has already assumed the role of a standard. 52 As

51Agaln, see footnote 9.

52See case II of Chapter V.
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an example, recall that the engineer in actual practice only explores a

few basic alternative solutions to any design problem. To examine any

more than a few proposals would be costly in time and money and would

probably exceed the engineer's allowable budget. Thus, a limit on design

time and money restricts the engineer to finding not the optimal solution

to the design problem but instead a solution which is "satisfactory."

Since the program explores the entire set of possible designs (within some

limits), the engineer has an opportunity to evaluate, as he has not had

before, his notions of what constitutes a satisfactory solution, and

hence, for the first time, the engineer has a check on his design

strategies. As a result, this investigator has also had a further

opportunity to evaluate both the program's and the engineer's design

criteria. The program, although imperfect, by acting as a design aid to

the engineer, also acts as a guide to that behavior of the engineer which

remains to be improved. The program with all its imperfections is still

a general model of the engineer's design behavior, and as a general model,

the program, in conjunction with the engineer himself, has made it

possible to gather additional data about design which could not have

been gathered without a program. And new data forms the basis for an

improved program which forms the basis for an improved design procedure

on the part of the engineer. And in principle an improved design pro-

cedure can give rise to newer data which can form the basis for a more

improved program which can give rise to still newer data which . • •

Since the purpose of this chapter has not been to review in detail

the history of Western epistemology, we will not present in detail

history's subsequent answers to rationalism and empiricism. All we note

here is that some of history's later answers have emphasized the necessity

of both modes of thought_ to paraphrase Kant: without empirical data
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our formal systems are vacuous, and without formal systems to guide us, our

data is chaotic. Without some data to start with we could never construct

a general program, and without some theory of programming, we could never

collect some data to program. There are numerous variations on Kant's

theme; to give but one more: a general system computer without empirical

input stands idle and produces no output, and at the same time, without

a general system data format (e.g., punched data cards), it is impossible

to input empirical data into a machine. We are in the position of having

to design the form we want our data to be in before we can prove that the

form we have designed is adequate for our research purposes.

Our use of the engineer as an arbiter has tried to steer a middle

course between an empty rationalism and a blind empiricism. As an arbiter

between theory and data the engineer uses his design intuition in order

to utilize the richness of the empirical data that a formal theory of be-

havior would be unable to capture. The engineer as the interrogator of

Turing's Test decides on the fit between man and machine on the basis of

his subjective impressions on the fit between his own behavior and that

of the program. What we are saying then is that the demand for a

precise definition of a formal test for validating a simulation may be

prone to miss the most fruitful use of the empirical data. On the other

hand, our earlier detailed discussion on the nature of scientific def-

initions serves to emphasize that we are not content to preserve the sub-

Jective nature of the engineer's impressions ior the sake of subjectivity.

Instead, an extensive part of this author's study is concerned with

satisfying the conditions which underlie the development of a scientific

definition consistent within the means of a limited study.
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We wish to conclude our chapter by relating what we have had to

say about simulation to what Churchman has defined as the necessary and

sufficient conditions for the concept:

• . . the following are each necessary conditions that x be

taken as a simulator of y, and that the entire set is a

sufficient condition.

(i) knowledge of x can be used to predict y (within error

limits);

(2) x is a formalized language with rules of validity;

(3) the rules of validity are in part based on sampling_

(_) y is a formalized language that can be taken to 'approximate

reality.'53

The first requirement is a rather obvious one although, as our

laborious arguments have tried to show, it is by no means obvious

how one satisfies it. We use x, in our case a computer program, to pre-

dict the behavior of y, an engineer. And as we will show, x does predict

y within error limits. The basis for the assertion is founded upon the

opinions of both this author acting as a scientific investigator and y

himself acting as the interrogator of our formulation of Turing's Test.

Our final chapters document what x does as well as does not predict within

limits. We do not go into details here since we are primarily concerned

with methodology rather than results.

Secondly, x isa formalized language with rules of validity•

The formalized language is the language of computer programming an__dd

that of a behavioral theory of human problem-solving which can be

expressed in terms of a program language. We require with Churchman

that x be a formalized language with expressible rules of validity in

order that we can be said to kno__.__wexplicitly what it is that is simu-

lating y. A formal language for our purposes is a formalized scientific

53C. West Churchman, "An Analysis of the Concept of Simulation,"

op. ci__!t.,p. 2.



description of a system:

A formal system is a set of entities, operations, properties

and relations; a set of rules for combining these; a set of

rules that provide estimates of what combinations are asser-

tions; a set of rules that provide estimates of what can be

inferred from an assertion; a set of rules that provide

measures of the costs and accuracy of the estimates; a set of

rules that generate assertions about the 'whole'; a set of

rules that provide estimates of the validity of these wholist_
assertions as well as the cost and accuracy of the estimates. _"

Thirdly, both x itself and the validation of x as a representa-

tion of y ar___eebased on sampling. It is basically impossible for us

to study and therefore to represent every aspect of y. Thus, x as a

representation of y only represents a particular sample out of the

possible ways we could study and program y. The rules of validating x

fare no better; the number of circumstances in which to test x are at

least as large as the number of circumstances in which we would like to

observe and to gather data about y. The point is that the validation

of a study takes place every time we run the program and continue the

study. Validation is never a final process.

The third ru!_, we emphasize, expresses the fact that x need

only represent y, and not be all of y, in order to simulate y.

Fourthly:

[The last condition is] that simulation occurs only if the

predicate is some aspect of reality. In other words, the

domain of y in the expression 'x simulates y,' must be the

set of assertions about the real world. The intent of sim-

ulation research is to reveal something about reality. Hence

in the spirit of an analysis of a concept, we shall assert

that the reality of y is a necessary condition in simulation. 55

This last requirement formed the basis for our exploration of the concept

of mind. For our study, y is a mind and a mind is a certain set of BP's.

54
Churchman, op. ci___t.,p. 2.

55Churchman, ol!. ci__t_t.,p. 5.
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In order to answer which kind of BP's can be mind, we considered the

answers of two opposing schools of thought. Wehave wished to conclude

that a single mind is only real by being imbeddedwithin somewell-

defined general theory of mind-like behavior. Only then can we state

with scientific precision what it is that we know to be real. At the

sametime, we also wish to conclude that any general theory of mind must

be based upon empirical data in order to determine which particular set

of BP's can stand for mind in any particular study. And finally, we

conclude that we need still another aspect of mind, the subject himself

to interrogate or to decide what is real, his ownmind or a representa-

tion of his mind.

• . . the observing mind has a choice as to what it should
assign as the reality of the observed mind. Whether or not
the choice is correct depends on a third mind, one that
Judges the purposes of the second. The second mind cannot
knowthe reality of the first until all observing minds are
content, and this contentment is an unattainable ideal [i.e.,

reality is an ideal, an unattainable description of the world

but which nevertheless can be approximated]. 5b
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CHAPTER V

EVALUATING THE PROGRAM; AND

THE TASK: PART III

For purposes of evaluating the simulation, the results of the last

chapter can be summarized as follows: the engineer and not some formal

test (whether it be statistical or otherwise) is to be the evaluator

of the program; in the sense of Turing's Test, the engineer is to be his

own interrogator. The reason for having the engineer be his own interro-

gator is that by interrogating himself, the engineer is also giving us

additional information about his Job that we might not be able to collect

otherwise. Having the engineer respond to a new design aid is one tech-

nique for studying the old aid, the engineer by himself. As a result,

not only is this a report of a case study of what the engineer has done

_- _ .... + +_ _ _lq_ . r_ _tudv of what the engineer will be

doing in the future. If the program by itself represents what the

engineer has done in the past, then how the engineer responds to the

program in the present represents what he will be doing in the future.

The point is that if the prosram is a 5ood simulation I i.e._ "_ood" from

the "engineer's" point of view_ then the program is useful for future

designs.

In terms of Ackoff's idealized research model for constructing a

scientific definition of an object (i.e., a plan for measuring an obJect's

properties; see Chapter II), the program represents an additional stimulus

that we have presented to the engineer. By having the engineer activel[
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respond to (i.e., criticize and evaluate) the program, we gain additional

information about his technical and behavioral properties as a designer.

We also find out what about his Job remains constant by observing how

it changes in response to a controlled stimulus. To the possible objec-

tion that such a procedure changes what we wish to study, we reply that

change is a natural property of the task. After all, the engineer con-

stantly seeks to improve and revamp his methods. I We have merely tried

to study this aspect of his Job as well by having him respond to a sim-

ulation of his Job. Besides, one of the methodological implications of the

last chapter is that in order to measure an obJect's properties, one must

study how the object "adjusts" itself (i.e., changes its responses) to

changes in the stimuli. Since the obJect's properties are its responses,

to study an object is to study how its properties change.

Basically, the methodological decision to use the engineer as the

evaluator of the program is a response to our own fundamental research

goals, the desire to add to our understanding of engineering design. In

accordance with Chapter IV, our methodology is primarily a consequence of

our teleology. But our methodology is also a response to certain organi-

zational constraints. Since it takes anywhere from half a day up to a

week for the engineer to go through a preliminary analysis and sketch of a

single design alternative, it would take an inordinate amount of time to

obtain any large number of cases with which to compare the program. (We

note that it only takes half a day for an alternative which is a response

to a "straightforward" set of design requirements; e.g., a case where the

iSee Case III (later in this chapter) for an illustration of this

phenomenon. Case III specifically shows how the engineer's knowledge

of Be's properties changed.



engineer has plenty of space in which to build an incremented vessel

around the LH 2 flask. If, on the other hand, the requirements are

"tight," say, the engineer has to figure out a novel way to get an LH 2

flask into a small vessel, then a preliminary analysis and sketch could
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take up to a week.) In addition, both the task and the program are

large; there are many design variables. Thus, if we wanted to compare

the engineer's and the program's behavior in any systematic sense the

number of observations required for statistical significance in, say, a

factorial design could easily make unreasonable demands on the engineer's

and Laboratory's time. Furthermore, if we wanted to compare the program

against real on-going designs, since the engineer only does three or four

designs a year, we could go on collecting data forever. Most important

of all, during the course of this study, the engineer gradually assumed

other duties. He worked his way into a more responsible Job within the

organization. As the saying goes, he worked his way out of his present

Job. As a result, the designs the engineer did during the phase of the

stud_'s program evaluation were not done as a part of his present duties.

They represented an extra responsibility which the engineer graciously

assumed in addition to his normal duties. The designs were done for

the general benefit of this study and, in particular, to satisfy the en-

gineer's own curiosity about the goodness of the program. Since the

engineer still expected to do some pressure vessel designs in the future,

a good program would become a good design aid. Finally, we note that

the program was only set up in the first place to simulate about 50% of

all of the possible kinds of design configurations the engineer ever can

and does design. The program only simulates the design of the simplest

configurations. This feature again increases the time we would have to

wait around in order to compare the program with real on-going designs
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of the right configuration. The moral is that real-life examples in real-

llfe organizations are not set up for the convenience of the statistician.

But then, as we have repeatedly argued, the measureof a study's signifi-

cance is not generally measured in terms of its statistical significance.

For us, the basic questions of this chapter are: What significance does

the program have for the engineer, and how does the engineer measure the

significance of this study?

Case I

In August of 1966, the engineer's boss suggested that physicist X's

experiment might be a good case to study. In accordance with the usual

procedure, physicist X had Just put in a preliminary request for an

engineer by explaining in very general terms the nature of his experiment

to the engineer's boss. Since X's experiment was still in the early

planning stages, it would give us the opportunity to document the devel-

opment of an experiment and design from the very start. The engineer

agreed, and we proceeded to contact X in order to get a working statement

of his experimental needs.

At the first meeting, X explained that he wanted the engineer's

early involvement in order to have the engineer help him design his ex-

periment. He wanted the engineer to do a feasibility study, the results

of which would help the physicist decide on the exact nature of the ex-

periment he would do. As a start, the physicist wanted the engineer to

compare the relative advantages of two classes of designs, those for an

LH 2 flask of RF=l.5" and LF=12.0" and those for an RF of B.O" and LF=12.0".

These dimensions were about the only definite pieces of information the

engineer was to receive initially. The dimensions of the NCR, the allowable

DT's, the weighting factors, etc., were all left undefined. On the other
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hand, ANCR was at least partially defined in the sense that X wanted a

clear view of the sides of the LH 2 flask; i.e., he wanted the flask to be

entirely outside of whatever NCR was finally decided upon. X's general

instructions to the engineer were to make his designs "as thin as possible."

As far as time went, X remarked that the date of his experiment was

"about" six months in the future. (At the time of this writing, about

seven months to the day have passed with no final design decisions having

been made.) The engineer later commented that X characteristically

"underdefined" his design requirements. Seven months later, the engineer

also remarked that the initial requirements may have been underdefined

on purpose and that no final design requirements may have been formulated

even up to the present for the reason that at the time X originally called

him in, X may not have even been scheduled for an approved experiment on

one of the Lab's nuclear machines. X may have merely called the engineer

in to get a better idea as to whether any of his proposed experiments

were actually worth doing, i.e., whether the engineering presented any

_--_ _t.._les In this case, the requirements were purposefully

underdefined because the physicist was using the engineer to help him

formulate them in the first place. Even though his requirements were

underdefined, physicist X recognized the importance of consulting the

engineer from almost the very inception of his experiment.

The engineer began his examination of design proposals by sketch-

ing 6 general kinds of configurations (see Fig. 33). Proposals #i and 2

sort of bracket the NCR. While proposal #I represents the LH 2 flask as

Just outside (or Just touching) the NCR Ci.e., ANCR = (LF + WNCR)/2 what-

ever WNCR is], proposal #2 represents the flask at a greater and variable

distance from the NCR. If LC is the length of proposal #1's cylinder,

then_+ LC is the length of proposal #2's cylinder, where_satisfies
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the relationship 0 <_LC. Proposal #2 illustrates the point that with

the addition of a single stiffener, the engineer can about triple _NCR,

i.e., about double the distance of the flask from the NCR, without at the

same time increasing the cylinder's thickness. Furthermore, if the en-

gineer wanted, he could theoretically go on adding sections of length LC

between stiffeners indefinitely. Each stiffened section would, in effect,

represent an individual cylinder having the same thickness as a single

cylinder of length LC. The engineer stopped adding sections with the

consideration of proposal #2, since this proposal alone is general enough

to illustrate the essential features of the process. This proposal is

also general enough to raise some more specific questions about the phy-

sicist's design requirements. What is more important, the distance of

the flask from the NCR?_ a cylinder of uniform thickness?, or a minimum

pT cylinder? If the physicist can tolerate an alternative which has a

concentrated mass at a known point, i.e., a stiffener, then he can get a

long cylinder which has the same thickness (and hencethe same 0T every-

where except at the stiffener) as a short cylinder of uniform thickness

but having its flask twice as close to the NCR. The question is, can the

physicist tolerate a stiffener? If he can't, the engineer can always

build a long uniformly thick unstiffened cylinder having, of course, a

greater pT than auniformly thick short cylinder as represented by pro-

posal #I. Since X didn't say whether he could or couldn't tolerate

stiffeners, proposal #2 became, at least at this stage, a design possi-

bility for the engineer. The point is that since all the engineer was

told was to make the designs "as thin as possible," stiffeners are a

possibility that should at least be considered for making a long cylinder

thin.
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Proposal #2 also makes for an interesting comparison with the program.

For one, the program Just doesn't generate every stiffened alternative in

the same way as the engineer does. The program successively adds stiffen-

ers to a cylinder of fixed length constructed for a flask located at a

fixed and _iven distance from the NCR. The only way to have the program

consider the same kind of proposal as #2 is essentially to input it into

the program by means of the dimension ANCR. The program, in contrast to

the engineer, does not generate alternatives by modifying a given ANCR.

For any single run of the program, the program only considers ANCR as

both fixed and given. Here we have an example of a point made earlier:

namely, who gives the "givens" affects Oat is finally gotten. The

point is that the "givens" affect not only what the program generates

but also what the engineer generates as well. Proposal #2 shows how the

engineer acts to define the problem.

Proposal #4 raises the engineer's question as to whether a window

is actually more efficient 0Twise for the particular cases at hand. Pro-

posal #h, along with #2, performs another function as well: they force

the physicist to begin considering how much external space he is willing

to allot to an alternative. Proposals #3, #5, and #6 round out the

simple design configurations the engineer explicitly considered on paper.

Note that proposal #6 is a configuration which the program does not

consider; proposal #6 is not a programmed possibility.

Since proposals #2 and #h are essentially contained in proposal #i,

the engineer decided to analyze only configuration #i in detail. By

analyzing #i, he would also, in effect, be analyzing #'s 2 and h. Pro-

posals 5 and 6, on the other hand, were rejected outright because of their

relative complexity and their lack of any distinct advantages over pro-

posal #i. In general, building a minimum DCK_ (#i) is easier than building
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a minimum DCD (#5). To the engineer, building a minimum DCD is like

building "a ship in a bottle [emphasis added]." Proposal #3 (the minimum

sphere) was also rejected since analyzing proposal #i already involves

analyzing a hemisphere, and one whose 0T will obviously be lower than the

minimum sphere, pTwise the hemisphere of proposal #i is a better alterna-

tive than proposal #2 (the smaller the sphere, the thinner its walls).

Proposal #I also takes less external space than #2 does. These consider-

ations reveal how the engineer not only eliminates design alternatives as

a whole, but in addition, processes alternatives in parallel by embedding

the analysis of some alternatives within others. The program, with the

exception of certain limited cases which we will discuss later, does not

process alternatives in parallel or embed alternatives within alternatives.

The engineer began a simultaneous and detailed look at two DCFW con-

figurations, one DCFW for the 3 x 12 flask and the other for the 6 x 12.

Although he initially assigned a range of 2" to 3" to RC for the 1.5"

radius flask and a range of 3.5" to h" to RC for the 3" radius flask, the

engineer began his computations using only RC's of 2" and h" respectively.

Note that the 2" RC roughly corresponas _o a mlnlmum cy±ind_r £u_ Lh= 1.3"

flask (although according to the program, the minimum RC would actually

equal "RF + a clearance of 0.i RF" or 1.65" altogether), while the h"

definitely represents an incremented cylinder for the 3" flask (in fact,

ARF. = h - 3 = i"). Strictly speaking, even the 2" RC represents an
Incr

incremented cylinder since its actual increment of 2 - 1.5 = 0.5" is

certainly noticeably greater than the program's minimum increment of 0.15".

But then it should be noted that the RC's of 2" and h" were not only chosen

because of the engineer's decision to analyze slightly incremented shells

(but "incremented" nevertheless), they were also chosen because of their

convenience. Having once done the computations for the 2" shell, in many

cases the corresponding calculations for the h" shell become almost
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trivial. Most important of all though, 2" and _" were selected for analysis

because they represent stock sizes. In the engineer's view there's not

much point in analyzing some odd diameter shell if one can get an easily

available and catalogued tube which is "close enough" to the supposedly

"minimum" shapes. Since X did not indicate how much of a premium in time

and money he was willing to pay for specially constructed, absolutely thin

shells, the engineer assumed that stock sizes would be good enough to

do a good Job.

On the basis of a membrane stress analysis, assuming a yield point

stress of _0,000 psi and a safety factor of 1.5 (the engineer, in other

words, assumed a heat-treated aluminum alloy as th___econstruction material),

the thicknesses of the cylinders required for the 150 psi internal pressure

load were calculated to be 0.i13" for RC = 2" and 0.226" for RC =

4" CTsI = 150 x 1.5 RC/_0,000]. Using the Saunders paper referred to in

Chapter 111, 2 the cylinder thicknesses required for the B0 psi external

pressure load were calculated at 0.025" and 0.036" respectively

(RC = 2" and RC = _"). Using the Saunders paper, the engineer reads off

a graphical solution of the complicated yon Mises equation for the

pressure at which a short tube under both an axial and a circumferential

load collapses due to buckling instability. In comparison, the program

numerically solves an approximation of the yon Mises equation tit will

be recalled that the approximation is TBE = C(METAL)RC 0"6 LC0"4] • In

order to use Saunders' graph, the engineer must compute, amongst other

things, the lengths of the cylinders. For convenience's sake, these

were determined by merely drawing the cylinder lengths necessary to cir-

cumscribe an RC = 2" shell over a B x 12 flask and an RC = 4" shell over

2Harold E. Saunders and Dwight F. Windenburg, "Strength of Thin

Cylindrical Shells under External Pressure," Trans ASME, Vol. 53 (19B1),

pp. 207-218.



a 6 x 12 flask. The RC = 2" shell's length was measured with an ordinary

engineer's scale at 10.5"; the RC = 4", at lO.125".(Hereafter, we shall

refer to the RC = 2" shell as the 4" D, i.e., diameter, shell and the

RC = h" as the 8" D shell.) From LC/R's of 10.5/2 = 5.25 for the 4" D
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shell and 10.125/4 = 2.56 for the 8" DI shell, and for a critical pressure

of Pcrit= 30 x 28/10.3 = 81.5 psi (the external design pressure of 30 psi

is increased by the ratio of 28 to 10.3, the ratio of the modulus of steel

to the modulus of 6061AI to account for the fact that Saunders' graph has

been calibrated in terms of steel, not AI), ratios of t over RC are

directly read off of Saunders' graph: for h" D, t/RC--_-O.O125; for 8" D,

t/RC _ 0.009; therefore, multiplying by the appropriate RC yields TBE =

0.025" (4" D) and 0.036" (8" D).

The thicknesses of the hemispheres required for the 150 psi in-

ternal pressure load are calculated by merely halving the required cylinder

thicknesses for internal pressure, i.e., TII = 150 x RCI(2 x 40,000), which

rounded off are 0.006" (h" D) and 0.012" (8" D). The hemispheres' thick-

nesses required for the 30 psi external load are calculated from the

fromula previously discussed in Chapter III: Pcrit= 0.366 E(METAL) xITI_/RC ).

For Pcrit=81.5 psi, E = I0.3 x 106 , TIE : 0.0057(4" D) and 0.0115 (8" D).

We summarize the engineer's results up to this point:

LH 2 flask 3 x 12 6 x 12

Rc 2" (_" D) 4" (8" D)

LC 10.5" 10.125"

T3I 0.011" 0.023"

T3E 0.025" 0.036"

TII 0.006" 0.012"

TIE 0.006" 0.012"
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Next, the engineer computed the ratio of the minimum required design

thickness for the hemispheres to the minimum required design thickness for

the cylinders (the minimum required _thickness is the greater of TSE

and T3I for the cylinders and the greater of TIE and Tli for the hemi-

spheres; both the cylinders and hemispheres must be designed for the largest

computed thicknesses): 6/25__Ji/4 and 12/36 = 1/3. These ratios it

will be recalled, are computed for the purpose of performing a more exact

stress analysis for the required design thicknesses. Since the more exact

analysis is only defined for ratios greater than or equal to 0.50, the

engineer is thus faced with the necessity of having to modify his prelim-

inary design thicknesses before the final design thicknesses can even be

computed from the preliminary ones. The difficulty is due to the fact

that the Kraus paper 3 only presents an analysis for ratios down to 0.50.

In addition, there is an indication that the analysis itself "blows up"

below 0.50. The engineer has plotted some of Kraus' data and has observed

that the closer the ratio approaches 0.50, the higher the stress concentra-

tion factors become. (Of course, as the engineer himself is the first to

admit, lacking the confirming data, he is not certain that the analysis

doe_____sindeed blow up below 0.50. He can only guess what does happen on the

basis of the trend which Kraus' data above 0.50 indicates.)

A small ratio is also undesirable for still another reason. It

makes for a tough welding problem. In our specific cases, the spheres being

much thinner than the cylinders, the spheres could literally be burnt up

while trying to weld them to the thicker cylinders. While supplying

enough heat to weld the cylinders, we could be supplying more than enough

3H. Kraus, G. G. Bilodeau, and B. F. Langer, "Stresses in Thin-

Walled Pressure Vessels with Ellipsoidal Heads," Paper #60-SA-12, Trans. ASME,

Vol. 12 (1960), pp. 1-12.



heat to weld the spheres to the cylinders. Thus, in order to improve on

the preliminary thickness ratios (and associated problems) the engineer

began to consider alternate design possibilities: (1) gradually taper the

cylinders to the Joint so that the cylinder is thinner at the Joint;

i71

(2) form the hemispherical domes by drawing so that the hemispheres will

be thicker at the Joint; and (3) add stiffeners to the cylinders in order

to reduce the TBE'S. Each of these possibilities will increase the

ratios above their present values. Since the first two possibilities will,

in general, not yield as thin a design by themselves as stiffeners will,

the engineer decided to analyze the possibility of stiffeners further.

Essentially, the first two possibilities merely get around the ratio

problem at the Joint. Stiffeners make the designs as a whole better,

i.e., thinner.

Adding a single stiffener to both shells is equivalent to halving

the length of the cylinder that must be designed to withstand the ex-

ternal pressure load. A single stiffener in the middle of both cylinders

breaks the design of each whole cylinder down to the design of two equal

cylindrical sections of length LC/2:10.5"/2 = 5.25" and 10.125"/2 = 5.06".

Using Saunders' graphs again with new LC/R's of 2.62 (h" D) and 1.26 (8" D),

and Pcrit = 81.5 psi as before, T3E'S of 0.018 (4" D) and 0.028 were com-

puted. As with the Kraus paper, the Saunders paper also has limits to

its analysis which the engineer must check. For the 8" D case, an LC/RC

of 1.26 together with a TBE/2RC of 0.0035 indicate that the thickness of

0.028" as computed from Saunders' graphical solution to the yon Mises

equation is not conservative. As Saunders himself shows, for the par-

ticular LC/RC and T3E/2RC for the 8" D case above, the actual experimental

load for buckling is about 6% lower than that computed from theory.

This means that the design thickness should be higher than that computed
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from theory. In practice, the engineer would compensate by choosing the

next thickest stock sheet above that required for the computed thickness

of 0.028".

In order to get an idea of the advantage of additional stiffeners

the engineer also analyzed the case of two stiffeners. Two stiffeners

effectively divide each cylinder up into three shorter ones of lengths

10.5"/3 = 3.5" and 10.125"/3 = 3.38" respectively. Using LC/RC's of l.Th

(h" D) and 0.8_5 (8" D) and Pcrit = 81.5 psi, TBE'S of 0.0156" and 0.0232"

were computed. Again, the T3E calculated for the 8" D shell was not found

to be conservative. According to Saunders, the actually observed load

for buckling is about 10% lower than 81.5 psi which the yon Mises equation

predicts. As a result, even though it is not an exact procedure which is

theoretically Justifiable, the engineer upped his thickness calculation

by going back to Saunders' graph of the yon Mises equation and using

81.5 x i.i (i.e., a 10% increase in Pcrit ) or 90 psi instead of the ori-

ginal 81.5 psi; T3E now becomes 0.025". The engineer notes that this way

of using Saunders' graphs may be grossly inaccurate for large differences

between the theoretically computed and the actually observed values of

the buckling loads. Nevertheless, even for large discrepancies, it is

still a procedure which gets one "in the ball park" in a field where

there are very few generally applicable design equations. We should

also note that contrary to the program's approximation of the yon Mises

equation, there exist no well-defined cut-off points or limits to the use

of the yon Mises equation itself as presented in Saunders. Saunders

merely gives a series of i0 data points for cylinders with varying LC/RC's

of 2.00 down to 0.125, all having essentially the same T3E/2RC of approxi-

mately 0.003. For these i0 data points, Saunders tabulates the actually

observed vs. the theoretically computed buckling loads. He gives no
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general limits in terms of T3E/2RC and LC/RC for using the yon Mises

equation. For this reason and the fact that the yon Mises equation, to

begin with. is difficult to solve (hence, the extreme usefulness of

Saunders' paper, which does at least solve this equation), the engineer

suggested progra, ming the approximations, although in practice, he

actually uses yon Mises by way of Saunders. We summarize the analysis

up to this point:

Preliminary Design Thicknesses

Tll-drawn
Case 4" D T3E TII Tll_drawn

T3E

i No stiffeners 0.025 in. 0.006 in. 0.008 in. 0.320

2 I stiffener 0.018 in. 0.006 in. 0.008 in. 0.hh5

3 2 stiffeners 0.016 in. 0.006 in. 0.008 in. 0.500

- RATIO

8" D

h No stiffeners 0.036 in. 0.012 in. 0.016 in. O.hh5

5 1 stiffener 0.028 in. 0.012 in. 0.016 in. 0.571

6 2 stiffeners 0.025 in. 0.012 in. 0.016 in. 0.6h0

It should be noted that the engineer has improved on the ratios

both by adding stiffeners and by considering the hemispheres as drawn.

It should also be noted that the engineer has computed a larger thickness

for a drawn dome than the program does. Again, the engineer is thinking

of stock sizes and rounds 0.006"/0.85 = 0.00706" (as an example) u_to

0.008" In general_ it would seem that for added confidence the en6ineer

"usually"--but not always--rounds up and not down to the nearest stock size.

Presumably, different engineers would "round off" differently, a behavioral

factor that can be of considerable technical importance designwise both
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with respect to safety and to the computation of 0T.

We might interject at this point that from some of the engineer's

protocols specifically collected for the particular cases at hand, one

can see how the engineer, by considering drawing as the solution to

several problems, is basically considering several factors at once. In

the Jargon of computer programming, the engineer is simultaneously

calling several of DESIGN's levels or subroutines at once. For example,

during the course of reviewing the advantages of drawing, the engineer

also considered one of its possible disadvantages. One possible ob-

Jection to drawing is that while it certainly makes the crown of the

hemisphere thinner, it also, at the same time, makes the hemisphere's

base thicker. The engineer's chain of thought went something like the

following:

X's case has the incident beam going straight through the dome's

crown, and, as a result, X wants it specially thin there, but he

also wants the cylinder-dome combination to be thin because he

wants to measure reactions out the side of the cylinder. By

making the done drawn such that the thickness is a little bit
greater at the Junction between the cylinder and the dome, it

not only makes the welding easier but it also makes the stress
concentration less because the variation in thickness from cylinder

to dome is less. And lowering the stress concentration by making

the dome a little bit thicker at the Joint can actually make the

dome thinner over-all than if it were uniformly thick to begin

with. Making it a little bit thicker at the base actually makes

it a little bit thinner in the long run . . . The point is that

by drawing, the design is thinner where the incident beam goes in

[the primary] and it is also thinner where the beam goes out [the
secondary--the cylinder] at the expense of the Joint which we are

really not interested in for this particular experiment. Or,

rather, it's not that we're not interested in the Joint; it's

Just that the Joint is a small region compared to the rest of the

cylinder. We're sacrificing one area for the sake of the whole.

A low _I'for the dome and cylinder is more important than a low 0T for

the Joint. The engineer is, in a sense, evaluating the whole design _T-

wise from the very inception of the analysis.

After considering drawing plus stiffeners, the engineer has a

better idea of the preliminary design thicknesses from which to compute
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his final design thicknesses. For the h" D shell, since case 3 is the

only alternative to have a ratio of at least 0.50, case 3 was the only

4" D alternative which the engineer analyzed in detail. Case 3 shows

that often one onl[ aaal[zes what one is able to, and not necessaril[

what one would like to.

One might still ask why the engineer didn't consider a 4" D shell

with more than two stiffeners especially since it certainly appears that

the greater the number of stiffeners, the higher the ratio of Tll_drawn

to T3_ The reason is that it did not appear to the engineer that a third

stiffener would actually make the shell appreciably thinner. The diff-

erence between the theoretically computed Pcrit from yon Mises and the

empirically observed Pcrit tends to offset any advantage of adding a

third and any additional stiffenere.

The engineer proceeded on to the most exact analysis using Kraus'

paper. The Kraus paper gives three stress concentration factors SIj,

h

Slcr, and Slcyl. SIj refers to the stress concentration (or streQs in-

tensity, SI) at the Junction of the cylinder and dome. (The Kraus paper

doesn't say whether for any particular case the s_ress concentration wnicn

SIj represents occurs specifically in the cylinder or in the dome. All

we know is that it is either in the cylinder o_.rrin the dome.) SI refers
cr

to the stress concentration in the crown of the sphere (at tl, see Fig.

23, Chapter III), while SI refers specifically to the stress concentra-
cyl

tion in the cylinder "near" the Junction. Fr_ the Sl's, a more refined

analysis of actual stresses in the cylinders and hemispheres due to the

action of the 150 psi internal pressure load can be determined. The

initial stresses due to internal pressure were based on a yield point

4Kraus, Bilodeau, and Langer, op. ci___tt.,p. 7.



stress of 40,000 psi, a safety factor of 1.50, and a membrane stress

analysis. The difference between the more refined stress analysis and

the membrane stress analysis gives the engineer a check on the safety

factor he initially assumed. If the more refined analysis confirms his

initial safety factor, his preliminary design thicknesses essentially

become his final design thicknesses. If the more refined analysis

does not confirm his initial safety factor, the whole procedure must be

reiterated with the assumption of a higher initial safety factor.

In order to prevent any misunderstanding, it should be carefully

understood that the Kraus analysis does not check on the absolute value

of the initial safety factor assumed. The analysis only checks the

relative value assumed. No matter what the safety factor, the analysis

merely says whether it must be increased or not. The initial selection

of a safety factor remains as "personal" as ever. Note: "personal"

does not necessarily mean "subjective." "Personal" means that the engin-

eer bases the selection of a safety factor on his own design experience,

only part of which is subjective.

The SI's are used to determine the "actual" stresses due to the

150 psi internal pressure load. (The more refined analysis does not

affect the stresses due to the 30 psi external pressure load.) The

actual stresses due to the 150 psi design load are computed by directly

modifying the membrane analysis' stresses with the SI's:
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Sj = SIj x Scy I = Slj x i_0 RC
t3

S • SI x S = SI x i)0 RC

cr cr cyl cr t3

S ! • R

cyl Slcy I x Scy I SIcy I x i_0 RC
t3



177

The Sl's and actual stresses themselves are, in other words, defined

O

in terms of the cylinder's membrane analysis' stress. The engineer also

computes another stress, S , one which is his own modification of Kraus'
cr

S :
cr

, t 1
S =S x--
cr cr t •

2

The engineer takes into account that Kraus' analysis only holds under the

assumption of a uniformly thick hemisphere; the analysis, as a result,

must be modified somehow for spun or drawn domes which are not uniform.

The factor tl/t 2 tries to take care of this by merely increasing Kraus'

stress S in direct proportion to the thickness variation over the dome,
cr

the ratio of the dome's thickness at its Junction (or base) to its thick-

ness at its crown (tl).

From the preliminary thicknesses of T3E = 0.016" and t2 = 0.008",

the ratios t2/TBE = 0.50 and 2RC/T3E = 4/0.016 = 250 were computed. In

terms of these ratios or independent variables, Kraus' paper tabulates

the Sl's as dependent variables. 5 (Note that although the Kraus analysis

load, the required cylinder thickness for the 30 psi external pressure

load being greater in this particular case than the required cylinder

thickness for internal pressure, it is T3E and not T31 which is used to

compute the ratios on which the more refined stress analysis due to in__-

ternal pressure is based. If T31 were greater than T3E , then T3I would

have been used.) By interpolation (Kraus only tabulates the Sl's for

2RC/T3E ratios of I0, 25, 50, i00, and 300; our case is 250), Slcy I =

!

1.01, Sj = i.ii, and Scr = 1.013. Using a pressure of 150 psi, Scy I is

calculated at 199000 psi, Sj at 20,800 psi, and Scr at 25,000 psi.

5Ibid.
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From the maximum stress, which in this case is S ,, the revised safety
cr

factor is computed: SF = h0,000/25,300 = 1.58. Since the revised safety

factor is very near the initially assumed value of 1.50, and more im-

portantly, since external pressure governs the design in all the cases

being investigated, the revised safety factor is not great enough to

change the minSmum design thicknesses required, i.e., the greater of the

two, the internal or external design thicknesses. In sum, the external

thicknesses are still the minimum required thicknesses.

If the thicknesses required for the internal pressure load were,

to begin with, greater than those required for external pressure, then

the engineer would probably reiterate, but only if the revised SF

appeared great enough to increase the required thicknesses over the old

thicknesses already upped on the basis of stock shells. For reiteration

to occur, it must appear likely that the exact values of the required

thicknesses based on the revised SF will be greater than the stock

size thickness which are already greater than the exact values of the

old required thicknesses. If, on the other hand, the physicist is willing

to pay a premium for a nonstock shell, the engineer would definitely re-

iterate.

That the revised SF of 1.58 is very close to the initial SF of

1.50 is a consequence of the two stiffeners. Through Just a cursory in-

spection of Kraus' data, the engineer can easily see that the other al-

ternatives having different 2RC/TsE and t2/TsE ratios yield higher Sl's

which ultimately yield higher revised SF's. Stiffeners, in short, can

not onl_ improve the design but also the anal_sis leading to the design.

Having investigated the most favorable case, the engineer terminated the

more exact analysis portion of the 4" D cases.



A comparison at this point of what the engineer does with what the
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program does is quite striking. The program certainly neither reiterates

nor computes its own Sl's. It will be recalled from Chapter III that only

a _SI (NTNSTY), which furthermore is input into the program, is used

in DESIGN. This single SI, NTNSTY, is supposed to apply equally to the

cylinder, to the sphere, as well as to the Junction. Since the single

SI assumed of NTNSTY = i.i is, for the most part, conservative (as indi-

cated in Chapter III), the difference between the program's calculations

and those of the engineer's is that the program's should be slightly

thicker. The reason for not exactly simulating the engineer's use of

Kraus' analysis is partly due to the difficulty of reproducing the Kraus

analysis itself. We would have either had to reproduce Kraus' basic

method of solving the Love-Meissner equations or to have translated

Kraus' tabular solution into other equations for use in DESIGN. Perhaps

the present discussion is a case in point for the need toreconsider the

current format of many technical papers. Not only is a graphical or

tabular presentation of engineering data extremely helpful to the prac-

ticing design engineer, but also, with the increasing use of computers

in design, the mathematical representation of results is becoming Just

as important. A mathematical representation, as helpful as it would

have been to this investigator simulating the engineer, would have been

Just as helpful to the engineer himself. After all, we might ask, what

if the engineer wanted to write his own design program employing Kraus'

analysis?

The other reason for not programming the engineer's exact use of

Kraus' analysis is due to the fact that it would have been extremely

difficult and time-consuming to program all the engineer's variations on

the iterative process. The example discussed here is but one form, and
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one of the simplest at that. For example, if the thicknesses used in the

Kraus ratio of t 2 to t 3 are the thicknesses required for internal pressure,

then for each iteration, the Sl's can increase creating the difficulty of

defining convergence, i.e., when the engineer will no longer continue

revising his previous safety factor.

Without going through all of the details again (they are essentially

the same), case 6 of the 8" D alternatives yielded a revised SF of 1.6h.

This SF is still close enough to the initially assumed SF of 1.50 as not to

alter the necessity of designing the shell for the T3E of 0.025". The re-

vised SF, in other words, is not large enough to offset the thickness re-

quirements for external pressure. Since case h's ratio was quite close

to 0.5, it was also analyzed further by assuming that its ratio was, in

effect, 0.5 (contrast this with case i of the h" D alternatives). Case 5

with a ratio which is definitely above 0.5 was, as to be expected, analyzed

as well. In both cases, the external pressure requirements still con-

tinued to govern the design thicknesses.

Next, using the same formulas as those described in Chapter III,

the engineer computed the properties of the stiffeners for cases 3 and 6,

Case IST F BST F HST F

3 0.303 x I0 -h in. h 0.061 in. 0.183 in.

6 2.3h x i0 -h in. h 0.i01 in. 0,303 in.

(Although the dimensions of these stiffeners are certainly noticeable in

comparison with the thicknesses of the cylinders, the engineer made the

interesting comment in passing that unless he specifically pointed this

out to physicists they probably wouldn't give it a second thought. Up to

the point where the stiffeners are explicitly discussed, it would appear

that most physicists are mainly interested in the resulting low pT



cylinders which stiffeners yield. But as soon as stiffeners are noted,

they then become concerned about them as localized nuclear scattering

barriers. In general, this puzzles the engineer to no end. To him the

physicists' behavior seems unreasonable. Since they are measuring reac-

tions anyhow, can't they, he asks, merely discount those few reactions

which happen to pass through the stiffeners? If only a few reactions

actually pass through the stiffeners, and since the locations of the

stiffeners are definitely known, doesn't it become almost trivial to

account for their effect on the detectability of the reactions?)

After the stiffeners, using the same formula as the program

(THICEW = 0.006 RC), the thicknesses of the windows were computed. In

contrast to the program which only computes a thickness for a window of

the same diameter as the cylinder or sphere, the engineer, in addition,

also assumed a window of slightly less diameter than the cylinder's in

order to bound in some way a window "0T vs. physics-area-scanned" trade-

off. The engineer is thinking of another way to lower 0T for the physi-

cist if the physicist can tolerate a smaller scan.

THICK W's were computed:

Window Diameter

The following

D

(h" D)

COMPUTED Stock STOCK

THICKW Sheets THICKW

_-_

(8" D)

3 0. 009"

h 0. 012"

14 i0 7.5 5 3

i

i

2

1

7 O. 021"

8 0. 024" 2 1

= 0.020"

= 0. 025"
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Notice the way the engineer rounds both up an___dddownin translating the

computed THICK W into available stock sizes.
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The engineer summarized his results in the five final design

sketches which follow. The sketches were "final" only in the sense that

they represented the final form of the initial alternatives that were even

considered as solutions to the physicist's problem in the first place.

The sketches also represented the final form of presentation of the en-

gineer's initial results to the physicist.

These sketches merit a close examination for they embody much

more than a mere s,,-,,aryof the preceding analysis. They represent a

number of additional and crucial (in Marples' terms, "critical") design

decisions on the part of the engineer. Fig. 3_ is a summary of case 1

of the _" D alternatives. Case 1 was chosen for presentation in order

to give the physicist an idea of the thickness necessary for a uniformly

thick shell. The important things to note about the sketch are the

thicknesses of the cylinder and hemisphere: Whereas the cylinder's

thickness matches the theoretically computed value_ the hemisphere's

does not. The cylinder is shown as 0.025" thick because it Just so

happens that a heat-treatable 0.025' 6061 A1 cylinder is a readily

available stock catalogue item; if it were not, the cylinder would have

to be thicker. The sphere, on the other hand, is definitely thicker.

A heat-treatable 0.006" 6061 A1 hemisphere is not a stock item. The

closest heat-treatable hemisphere is one which is 0.016" thick. By draw-

ing, the crown of the hemisphere can be reduced to about 0.012" and the

base to about 0.01_" or 0.015". Note that 0.012" is double the computed

minimum of 0.006". As the engineer puts it:

After you go through all the computations you still have to

face reality. You have to face up to what you can actually

get. Unless the physicist is willing to pay a premium, a

0.016" hemisphere drawn down to 0.12" is practical. If X

desperately needs a minimum pT, then we may be able to

chemically-mill the O.012" down to O.006", but it 'ii be

pushing us hard to get down that far. It's not easy to
manufacture a dome of that thickness.
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The same comments apply to Figs. 35, 36, and 37. For the cases where the

computed minimum thicknesses are different from the generally larger stock

thicknesses, both are shown. Fig. 35 is a summary of case 3 of the 4" D

alternatives. Figs. 36 and 37 are summaries of cases 4 and 6 of the 8" D

alternatives.

The sketches also contain further design decisions. They show how the

immediate existence of an object can affect the design of that object.

In Figs. 34 and 35, the box-flange is shown as an already existing part.

The hydrogen-target group has a catalogue of its past designs. Before

actually building any part from scratch, the engineer consults the catalogue

to see if any existing parts stored from past experiments are "close

enough" to meet his current design needs. In Figs. 34 and 35, an already

existing box-flange of width 3.50" happens to be more than the program's

theoretically required minimum width of 3.306" (WFLC -- 2.90 + 0.203 RC).

The engineer, in this case, is fortunate enough to have an already exist-

ing box of more than enough width in which to, by bending the lines, carry

out the LH 2 fill and boil-off lines from the flask, ine _p_r_u_ _oint

is that by utilizing an already existing box, the engineer "estimates"

that he can save the physicist about $1500--a "critical" factor in the

engineer's making a critical design decision. This is certainly a prom-

inent example of a case where the engineer makes a design decision with

the interests of the physicist directly in mind. This example also illus-

trates the point that, in contrast to the program, the engineer does not

generally perform any explicit preliminary cost calculations unless a

novel method of manufacturing, of design analysis or, as in this case, a

prominent way of saving money is involved. Generally, only the outstand-

ing relative cost differences between alternatives are noted. As indi-

cated in Chapter II, the engineer, from past experience,figures that by
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the time any design is actually in operation, it will have came close to

costing $10,000 and taken 6 months to build. Relative cost differences,

if important, are only estimated from these general values. This is also

an example of a case where the program will be mseful precisely because

it does not match what the engineer has traditionally done; the program

will give him a chance to check his intuitive cost estimates.

Figs. 36 and 37 represent a somewhat different state of affairs.

Here there is no already existing box-flange of the appropriate cylin-

drical diameter. Therefore, either the engineer builds a new box from

scratch of height ii.2" (BOXHT = 2.8 x RC = 2.8 x _; this formula is part

of XSPACE) or "sells" X the idea of a spool, a way of building a box

that was practiced in the "old days." Spools, in effect, are larger

circular boxes. In this case, there exists an 18" D spool of width 3.50".

Although the spool is significantly (to say the least) t&ller than a new

box would have to be, it is, on the other hand, essentially cost-free.

Its _.ost, like all existing parts, is considered charged to its initial

experiment. As a result, X could save himself, again, approximately

$1500 if he can use a taller box (the spool), i.e., if he is to be able

to live with less experimental space. The spool is also available for

immediate use thus saving, in addition to design money, design time. Here

is a concrete example of a space-cost/tlme trade-off the physicist will

have to consider.

Perhaps the influence of already existing parts on a current de-

sign is nowhere so evident as it is in Fig. 38. Fig. 38 represents a de-

sign alternative which can be built up from completely existent parts.

It represents a design alternative almost halfway between case I (h" D)

and case _ (8" D). Since X was only interested in a "feasibility" study

to begin with, an in-between flask size and a cost time-free design like
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Fig. 38 should at least be considered. As the engineer put it:

The fact that X's experiment is not even scheduled at this point,

the fact that he has not shown me a layout, and that he hasn't

shown me where other equipment has definitely forced firm dimen-

sions on his flask--all this implies that he is not necessarily

interested in either a 3 x 12 or 6 x 12 flask specifically.. •

If he would have come to me with a firm layout showing magnets

and spark chambers clustered around a flask and if I could
have seen that some of these things were either existing or

were already in progress, then I would have felt that I

couldn't have deviated a great deal from his 3 x 12 and 6 x 12
dimensions. But he didn't do that. He's not at that stage of

the game; his experiment is not that far along as planning

goes. My guess is that something like this [Fig. 38] is Just

as easy to sell as the dimensions of the flask . . . Look at

it this way. Just the fact that he is interested in both a

3" D and a 6" D flask implies that he'll consider something
in between.

If the design of Fig. 38 may be advantageous to X from the standpoint

of essentially zero design time and design cost, it certainly is advan-

tageous to the engineer for the very same reaeons. From the engineer's

point of view, it is the easiest design he could possibly consider. To

put it mildly, we need not be surprised if the engineer is particularly

interested in "selling" the design of Fig. 38. One should not interpret

this to mean that the engineer is thereby interested in selling X a

"bill of goods." He is merely interested in pointing Out to X the sig-

nificant advantages of an essentially complete design. All in all, the

point that still emerges is that the hydrogen target group's catalogue

of past designs is one of its most important design aids. Fig. 38 repre-

sents a design alternative arrived at by almost entirely practical and

historical design considerations_ and not by conventional analytical tech-

niques.

We can summarize up to this point by noting some general differ-

ences between the behavior of the engineer and that of the program.

Whereas the engineer most definitely considers stock sizes and past de-

signs, the program (except for the calculation of _ICKW in terms of stock-
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sheet thicknesses) does not. The reason for not building these capabili-

ties into the program were mainly practical. It would have been extremely

time-consuming to organize the large amount of catalogued stock-size and

past design data that the engineer has general access to. It would have

been even more time-consuming to specify the appropriate heuristics neces-

sary to say when a catalogued past design was "close enough" to a current

design in order to supplement it or even replace it outright. Theoretically

speaking, there seem to be no reasons why given enough research time,

such heuristics could not be inferred as well. Similarly, although

often a decisive (and even crucial) determiner of the properties of the

design alternatives, it Just did not se_n crucial for an understanding

of the design process that we program how the engineer actually rounds

off his computed design thicknesses to available stock sizes. Notin_ the

significance of the procedure seemed more important than actuall_ pro-

_rammin_ it.

Another important general difference consists of the use the

engineer makes of the parameter RATIO. Not only does he generally use

this parameter in a partially different method Of detailed analysis,

e.g., reiteration, but, as the particular examples considered here illus-

trate, he sometimes uses it for considering additional design modifica-

tions like tapering which the program does not consider at all. Even a

step like drawing which the program doe___sconsider is sometimes handled

differently. The engineer knows from past experience that aluminum hemi-

spheres can be drawn and, as a result, no longer always goes through an

explicit formal calculation of aluminum's ductility for evaluating it for

manufacture like FORMS does. In the particular examples described here,

the engineer considered drawing in conjunction with tapering in order to

raise the value of RATIO to at least 0.5. The engineer was using RATIO in
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order to look ahead and avoid, amongst other things, a difficult welding

problem. The program, in contrast, merely assumes that such problems

can be solved by the engineer. The program does not consider such de-

tailed manufacturing problems like welding. It also does not consider

such solutions as tapering.

Of course, given the fact that the program considers stiffeners,

one of the most important ways of using RATIO is taken into account.

The program, fortunately enough, does at least consider enough design

alternatives as to be able to match a great deal of what the engineer

actually does. As we shall want to conclude later, the program, like

ever_ scientific model, predicts or matches som___Eeaspects of the engineer's

behavior in som____eedesign situations quite well and othe____/raspects, not as

well. As we might expect, some aspects of the program match better in

one kind of situation than in another.

About three and a half weeks after first talking with X, the

engineer was ready to report back on his preliminary investigations.

The engineer could have actually reported back within three days or so

were it not for the necessity of extending the process out so that it

could be analyzed and recorded in separate sessions of at most two to

three hours per day. Approximately another week was taken up in arrang-

ing schedules so that researcher, engineer, and physicist could all meet

together at a mutually convenient time. If it took all this time for this

researcher to study the engineer and for all the parties to get together,

it certainly took considerably less time for the physicist to examine and

reject all of the engineer's initial proposals. In short, they were al___l

too thick, for minimum thickness was really th___eemajor criterion. More

precisely, X's major design criterion was that the radiation loss through

the mylar flask and cylinder walls (the secondary direction) be no more
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than half of the radiation loss through the LH 2 itself. That this was

X's major criterion only becomes known to the engineer at the time he

reported back. It certainly was not given as an initial design require-

ment.

Once given this requirement and, in addition, the fact that the

radiation loss through a particular material is proportional to the product

of that material's density and its atomic number (Rad L =0Z; this relation-

ship was supplied by X), it became a relatively easy matter for both the

physicist and the engineer together to do an instantaneous evaluation of

the proposals which the engineer had considered up to that point:

Rad LH 2 _0.07 x i = 0.07

Rad L AI_C 2.7 x 13 = 35.1

Rad L MYLAR _l.h x 12 = 16.8

From X's criterion of 1/2 Rad L H
2

t MYLAR + Rad L AI x tAl) ,

x Length H 2 _> (Rad L MYLAR x

t <

AI- Rad L AI

1/2 Rad LHp x Length H2 - Rad L MYLAR x t MYLAR

From a simple membrane analysis of the LH 2 flask itself, assuming

a yield point stress of i0,000 psi and a design pressure of

hO psi for the 1.5" radius flask, the engineer calculated an

"on the spot" approximate t MYLAR. t MYLAR_ PR/GYIELDP T =

40 x 1.5/10,000 tMYLAR_ 0.006". Therefore,

tAl_ 1/2(0.07)(1.5) - (16.8)(0.006)

35.1

t < -0.00138"
AI --
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Since it is only the numerator (1/2 RAD L H2 x Length H 2 - Rad L MYLAR x

t MYLAR) which makes the pressure vessel's thickness requirements nega-

tive, the result shows that it would be physically impossible for any

pressure vessel made from any material to satisfy X's criterion. But even

though nothing will really work, the question still arises as to whether

there is still something which would work better than what the engineer

has considered thus far.

At this point, a particular requirement of X took on special signi-

ficance. X did not require a uniformly low thickness pressure vessel; he

only needed a vessel that was thin in the horizontal plane; it did not

have to be thin on its top and bottom as well. This suggested to both

parties a rather special kind of design known as an "alligator-Jaw" (see

Fig. 39). X, because he had had occasion to use such designs before and,

hence, was basically familiar with it as a design possibility to begin

with, suggested the alligator-Jaw to the engineer as much as the engineer

proposed it to X. The point is that only because X had a previous ac-

quaintance with such designs and therefore could emphasize the fact

the he really didn't need a design which was equally thin on its top and

bottom as it was on its sides, did the engineer come to consider an

alligator-Jaw. The engineer does not normally consider such special

designs unless they appear sufficiently advantageous. It certainly is

not clear a priori that they are always superior to more conventional

designs. The advantage of an alligator-Jaw, for example, is only realized

if the height of its window can be made small (a fact which will assume

major significance). It's not that the engineer is basically reluctant

to consider such designs; it's rather that he only desires to give a

physicist only what he thinks will truly "get the Job done" in a minimum

amount of time and with the least cost. And in order to do thi__s, we hope
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we have made it clear by now how much more than a mere listing of the

physicist's requirements the engineer really needs. The engineer needs•

above all, an understanding of what it is the physicist is trying to do so

that he can recognize the special importance of particular requirements.

After meeting with X for about two hours • the engineer went back

to his office to investigate the possibility of an alligator-Jaw design

in some detail. In order to minimize the required thickness of the

alligator-Jaw's mylar window (the 'thinness" desired in the horizontal

plane), the engineer considered making the LH 2 flask's cross-section rec-

tangular instead of circular (see Fig. 39). Making the flask rectangular

allows one to reduce the height of the Jaw's window, and the smaller the

height• the thinner the window. In order to find out the dimensions of

the flask• the engineer used X's criterion again:

1/2 Rad LH 2 x Length H2 > (Rad L WINDOW x tWINDOW + Rad L FLASK

x tFLASK).

For a flask of width 2R and of height h• and using some approximate

design equations for alligator-Jaw vessels and flasks (the LH_

flask is also an alligator-Jaw in this case for the purpose of

minimizing its thickness as well), tWINDOW and tFLAS K were com-

puted: tWINDOW __ (3 x lO-5)Ph = (3)(150 psi) x i0-5_=

h.50 x lO-3h; tFLAS K C (8.3 x lO-5)Ph = (8.3)(h0 psi) x i0-_=

3.32 x I0-3_. (These formulas have been empirically derived

from the engineer's past experience with the design and test of

alllgator-Jaw window designs.) Going through all the algebra•

X's criterion finally reduces to 2R/h > 2.8. Therefore• for

h = 2" 2R = 5.6" 3"• 4"• _ for h = 2R = 8. .
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Since an alligator-Jaw is only advantageous if its window height is

small, and since one way of accomplishing this is by reducing the flask's

height (the smaller the flask height, the smaller the window necessary

for "looking" at the full flask, and, as a result, the thinner the barrier

through which the flask's reactive particles must ultimately pass), the

engineer used X's criterion to find the minimum width of LH 2 flask that

would be required for an alligator-Jaw of minimal height. Since the

diameter of X's beam of incident particles would be in the range of 2"

to 3" (hence the initial requirement for a flask of 3" D), X would need

a minimum width of flask of anywhere from 5.6" to 8.4". Unfortunately,

this meant that the greater width of the alligator-Jaw vessel in which

the flask would be placed would certainly exceed the width of magnet

(7" to 8") which X would have available.

Apparently X only had a certain size magnet in which he could study

the reaction of LH 2 to particles in a magnetic field. Upon telephoning

back these preliminary results within a few days X terminated his feasi-

bility study. Having run into a basic conflict over space, X told the

engineer that he would contact him for further studies only when he had

further and perhaps more compatible physics requirements to investigate.

As mentioned earlier, X "may" (the engineer doesn't know for sure) have

merely been interested in investigating whether even the tentative con-

ceptions of his experiments were worth doing.

At this point, there being nothing more that we could get from X

(but not all that we would have liked to have gotten), there was nothing

more we could do than to proceed straight away to a comparison of what

the engineer had done with what the program could do. (Ideally, we hoped

that we could interest the physicist in the comparison as well and, in

this way, get more of his comments about the design process in general
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and the engineer in particular. Unfortunately, as shall be obliged to

discuss more fully later, we were never really able to secure any physi-

cist's detailed comments about the value of such a program from his point

of view. Physicists, it would seem, were either too busy to be able to

get interested in the study or Just not interested, period. One must

sympathize thought the demands on a physicist's time are exacting. Pre-

sumably, a physicist has much more important things to do than to concern

himself with a study that does not appear to involve him directly.)

One of the most important things we have to make clear before we

can sensibly discuss the comparison of the program's behavior with that

of the engineer's is how the program's input was defined. Since, as we

have already shown with the input to the engineer, the input is one of

the most crucial factors in determining the match between the program's

and the engineer's output, and since different individuals conceive of

the input differently, who the particular individual is who determines

the program's input determines, in effect, the degree and kind of match.

In accordance with the goals of this study and its resultant methodology

(see Chapter IV), in all cases it was the engineer who defined the input.

Since the engineer (as the original design aid) was the being who

partially (the physicist was the other part) defined the input to his very

own self in the first place, it seemed only natural (in the light of

Chapter IV) to have him define the input to the new design aid as well.

The reasons for this were basically twofold: (i) Even though he neither

conceived of the study nor directly wrote the program, the engineer, as

the reality we are supposedly modeling, must be regarded (once we grant

him the status of reality) as the person whose conceptions of the input

we are most interested in studying. This leads us to the second reason.

(2) By having the engineer define the input to something other than himself
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we gain additional opportunities to study the original thing-in-itself.

Again, by having the engineer define the input, we continue to study what

he considers important to simulate in order to understand what he himself

does.

The foregoing reasons lead us in turn to but another important fact

of the methodology underlying the comparison, i.e., once given the input,

the subsequent ways in which the engineer and program were matched. As

discussed in Chapter IV, the engineer was his own interrogator. What he

deemed important to match and how he matched (as an example, the particu-

lar ways in which he scanned the program's output) constituted the process

of evaluation.

Against the possible objection that such a matching procedure is

inherently subjective, we make the rather obvious point that it is

certainly no more subjective than the original behavior on which the pro-

gram is based on in the first place. If the engineer's behavior is good

enough to collect in the first place, then why aren't his behavioral re-

sponses to the program Just as good or as important to collect? After

all, merely programming the engineer's design behavior does not make

either that behavior or the program "by itself" ob4ective. Neither does

a formal evaluation of the program. What we have tried to argue, in

effect, is that a self_____-comparisonwith the program, i.e., a self____-examina-

tion, may give the engineer a better understanding of the implications

of his own design behavior, and in this sense, make his own behavior more

objective. In sum_ the thinss we are interested in "are" his subjective

evaluations of the program, so that perhaps we, or somebody else in the

future_ will be able to pro6ram those responses as well. We are not

%nterested in how_ for example, a statistician would formally evaluate the

pro_ram_ but rather what the engineer as the most important "immediate"
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user of the program thinks and feels about it. As engineers studying

the en_ineerin_ design process from a behavioral point of view, there

are perhaps no more important responses we could collect than the en-

gineer's own impressions of the program itself.

The preceding remarks become extremely important once we consider

the enormous difficulties involved in evaluating any large program of

the sort which DESIGN represents. Amongst other things, it becomes ex-

tremely difficult, given the paucity of opportunities to collect data in

any statistically significant sense, to formally evaluate the program's

sensitivity to any extensive and systematic changes in the input

variables. This should help to explain why the engineer, out of curios-

ity's sake, purposefully chose some of the program's input variables

different from his own input in order to get some idea of the program's

sensitivity.

The preceding remarks may also help us to understand another

reason for sweeping in the engineer: Not only does the program require

some input which the engineer did not have occasion to use (because it

was Just not defined) but conversely, the engineer used some input which

the program is Just not capable of handling. The engineer as an evalua-

tot is in a position to comment on the seriousness of these differences.

What follows must be looked upon as an exercise in the engineer's

learning how to use a new design tool by giving his evaluations of it.

We list his evaluations in the order in which the engineer explored the

program's consequences.

The program was first run for the 3 x 12 flask. Since the engineer

already knew his own previous design solutions, he "almost" knew exactly

what to input in order to have the program check on his designs. (Fig.

_0, which lists the input and output, not only treats the specific case
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at hand, it also represents a typical output of DESIGN.) In general, each

specific piece of input was chosen in accordance with one of four prin-

ciples: (i) that input which was merely given to the engineer by the

physicist in the first place (RF = 1.50", LF = 12.0"); (2) that input which

was known to the engineer prior to the physicist's specific requirements

(e.g., in addition to NTNSTY, DCRIT, and 0WND, the outstanding examples

would be the properties of the metals which are part of the engineer's

stock-in-trade data); (3) that input which was specifically based on what

the engineer had already designed (e.g., a _RF. of 0.500 produces the
incr

kind of "incremented" cylinders the engineer designed; WNCR = 3.500"

reflects the fact that the engineer already knew he had an existing box

of width 3.50" and therefore knew he needed a WNCR of at least 3.500".

While the values of IB and IBA reflected the fact that the engineer

generally considered window designs, the particular values of HI, H2,

VI and V2 reflected the dimensions of the specific DCFW's he considered.

Even more specific was the selection of the allowable OT's; they were

specifically based on the minimum--not stock--design thicknesses of

case 3 and on the density of AI, 2.70 gm./cm3); (4) finally, there was

that input which was selected for a variety of reasons, some of which

combined the three preceding principles. For example, _NCR = 7.750" was

selected on the basis of both principles i and 3. ANCR = 7.50" reflects

the fact that the physicist wanted a 12" long flask entirely outside of

the NCR and that the engineer had defined a WNCR of 3.500". Therefore,

t_NCR = (LF + WNCR)/2 = 7.750". Next, DNCR = 3.300" was specifically

selected in order that the engineer could compare his "incremented"

designs with the program's minimums. The engineer knew that unless the

11
DNCR was selected "small enough, no minimum cylinders would be generated.

The DNCR must be at least no larger than the diameter of the minimum



cylinder for this to happen. Any larger DNCR will cause the minimum

cylinder to increment up to the DNCR in order to preserve the possibility

of flanged box designs (e.g., DCFD, DCFW, SFS, SFW, etc.). (Since the

engineer knew the program's rule for generating minimum shapes, he

easily calculated the necessary DNCR at B.B00".) Finally, there was the

problem of selecting the weighting factors. The weighting factors like

the allowable pT's are really something which X should have specified.

(This is Just one specific illustration of where we would have liked

having the physicist's participation in evaluating the program.) Lacking

the necessary information, the engineer fell back on the physicist's very

general request to make the shell "as thin as possible." He loosely in-

terpreted this as meaning "all directions are equally important."

Furthermore, in order to magnify the differences between the allowable

pT's and the design pT's, the engineer arbitrarily set all the weighting

factors at 10.

In evaluating the program, the first thing the engineer did was to

search for the particular alternatives which he had specifically designed.

This means that he carefully scrutinized the program for DCFWheat-

treated aluminum alternatives. Of the two heat-treated aluminum DCFW

designs (alternatives 1B and 31), alternative B1, as the incremented

shell, was the corresponding alternative to what the engineer had prev-

iously designed. Reading across page S we should not be surprised to

find that alternative B1 first of all has the correct radius of 2.00",

especially since the value of ARFincr of 0.5" was specifically chosen for

that purpose. What is surprising though is the difference, even if it is

only slight (in fact, because it issslight but not negligible), in

the cylinder's length (10.677 - 10.177"). Here is a case where the pro-

gran revealed where the engineer had earlier made a very small and trivial

215
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mistake of approximately 1/8 in. in scaling the cylinder's length at

i0.5". The point is that here was also a case where the program gained

in stature precisely because it caught a trivial mistake. The program

was "accepted" by the engineer at this step precisely because it did not

match what he had erroneousl[ done.

Continuing, the WNCR check showed that an assumed WNCR of 3.500"

gave the engineer 0.194" more than he actually needed for building a box

flange. This means that the program confirmed the engineer's earlier de-

cision to use an already existing box-flange of 3.50". Specifically,

the program showed he only needed a flange of 3.306". The program also

showed that for a ARF. of 0.5" the h" D shell would fit in the DNCR
Incr

J

by 0.7" to spare (in comparison, alternative 13 Just fits as designed).

The program next computed the necessary thickness for a h" D window.

Note that whereas the program computes 0.013", the engineer computed

0.012" (actually 0.0125"). The difference consists of the fact that the

engineer (as noted before) rounds up or down. The difference becomes even

more noticeable when we observe how the calculation of THICKW affects

the selection of the number of stock sheets. Whereas the engineer used

one 0.005" and one 0.0075" stock sheet, the program uses one 0.010" and

three 0.001" stock sheets. Since the value of the window deflection (WD)

is dependent on the number of stock sheets used to build up any THICKW, a

small difference in the calculation of THICKW can have a small but some-

times important effect on WD. Unfortunately, it was only after the program

was written and only by examining the consequences of the program's pro-

cedure that the engineer became consciously aware of his actual procedure

for calculating THICKW. But then, fortunately, this becomes another

case where, because of a difference, the engineer can learn from the pro-

gram and can use the program to point to what he actually does in terms



217

I

f

l

I

I

R

l

I

I

l

of a difference. In other words, from the engineer's point of view, the

program may sometimes be a good simulation if it does not exactly match

what he does. In the sense that a difference can be revealing, the en-

gineer may actually learn more from "slight" differences than from an

exact match.

Since WD is much less than WNCR, as the engineer merely assumed it

would be when he did his own designs (the engineer did not calculate WD

explicitly), the engineer did not find it necessary to check on the cal-

culation of WD for the specific case at hand. It was merely good enough

for the program to confirm his previous implicit assumption: that a box-

flange of 3. ?0" would be wide enough to accommodate a window deflection.

Because it was not of immediate interest nor as important in com-

paring the program with what he had done, the engineer skipped the XSPACE

data and proceeded straight away to the most important data of all, the

thicknesses of the cylinder and dome (Fig. _0, page 5). First of all,

the program shows that the dome is drawn. Even though this matches what

the engineer did, we should note, once again, that whereas the engineer

considered drawing the dome for several reasons, the program considered

drawing for one reason only, i.e., the value of Al's elongation. Con-

tinuing across, the engineer remarked that the RATIO of T21/T31 of 0.588

was still "close enough" to 0.63 to Justify the constant stress concen-

tration factor of NTNSTY = i.i. Next, the engineer remarked that to him

the match between the computed minimum (i.e., not stock) design thicknesses

was "truly amazing." We present a tabular comparison by way of summary

up to this point:
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3 x 12 case

Engineer Program

TII O. 006" O. 006"

TIE O. 006" O. 006"

T2I 0. 008" O. 007"

T2E O. 008" 0. 007"

T3I 0. 011" 0. 012"

T3E 0. 025" 0. 026"

t3STF O. 016" O. 015"

Page 7 also gives the program's summary of the analysis thus far. The

first three columns (T3DC, T2DS, TIDS) give the design thicknesses for

alternative 31. The next six columns list the allowable thicknesses and

the differences between the allowable thicknesses and the actual design

thicknesses. Alternative 31, as it can be seen, betters the allowables

which the engineer selected on the basis of his design (case 3) by

0.001". But by far the most important information of all on page 7 are

the results of the stiffener analysis. Here we find "the" major differ-

ence between the program and the engineer. Whereas the engineer only used

two stiffeners, the program put in three. Now, the question is how

serious the difference is. And, this is a question for the engineer to

evaluate, not statistics.

The difference fundamentally has to do with the way that the program

decides to put in stiffeners. Looking back to page 5, the engineer can

see that the cylinder inequality number is 38 (INEQC = 38). This means,

going back to the subroutine EXACT, that the program added stiffeners

until T3A > t3STF > T31. The question, therefore, is whether this was a
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good rule to begin with. For the most part, the engineer thinks that it

was and still is. The rule was originally put in order to make the re-

quired thickness for external pressure approach as closely as possible

the thickness required for internal pressure, thus approaching, as

closely as possible, a minimum thickness design. The main objection

against the rule is that additional stiffeners should be added only if

they make a "significant" difference in the cylinder's thickness. But,

as the engineer admits, in general this appears extremely difficult to

do, since, like for most of DESIGN's variables and processes, such a rule

would have to take into account the general needs of specific physicists.

What is "significant" for one physicist may not be for another. In sum,

the most general concept of "significance" (which DESIGN presently em-

bodies) is already based on the general demand to make the shell "as thin

as possible." Thus, according to the engineer, the program is not really

"wrong"; it merely is a simplification of the many design steps open to

the engineer. Possibly the easiest way to remedy the situation somewhat

would be to have the program print out as distlrmt and separate alterna-

tive designs with one, two, three, . . . numbers of stiffeners. The

program presently prints out only the "best" stiffened design. It should

be mentioned that this was really the engineer's specific intent all

along. He specifically wanted to demonstrate to physicists the decisive

advantages of stiffened designs. In the past, physicists have been some-

what reluctant to consider stiffened designs because of the possible

scattering problems mentioned earlier. In order to "sell" the advantages

of stiffeners, the engineer wanted the program to show how "thin as

possible" stiffeners could make a design.

In any case, having once gone back to the source of the difference,

the engineer did not consider the difference decisive. Essentially the
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reason consisted of the fact that the final design thicknesses of alterna-

tive 31 are almost exactly the same as what he designed, and, therefore,

the 0T ranking list would still give the engineer one of the things he was

most interested in learning from the program, i.e., how the particular

designs which he explicitly considered ranked against those he could have

considered but didn't. A comparison with alternative 13 even tended to

strengthenthls evaluation because, for the particular cases at hand,

alternative 13 showed that thlcknesswlse and stiffener propertywise

(i.e., HST F and BSTF), the differences in thicknesses were small over

a range of shell diameter from 3.300" to 4.000", and for 2 vs. 3

stiffeners. In either case, the properties of the stiffeners were ex-

ceedingly close to the values the engineer had calculated himself.

Since he had not explicitly calculated any costs himself, the en-

gineer deferred an examination of the various costs to later. He skipped

directly to page ii to the 0T ranking llst. This was, without a doubt,

after the detailed examination of the program's design thicknesses,

the most interesting part of the program to the engineer. The useful-

ness of this routine was, to a large extent, a measure of the useful-

ness of the whole program. It not only summarized much of the previous

analysis, but it also provided the engineer with, for the first time,

a really comprehensive and"objectlve"evaluation of many of his design

proposals.

More important than the absolute value of any alternative's

AOTOTAL value was its relative rank as compared to the other alternatives.

Specifically, the engineer was particularly interested in the rank of al-

ternative 31. At a first glance it may seem that alternative 31 is not

particularly "high" in the list, hut then this Judgment can only be made

with reference to those other alternatives which are "higher." Except
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for alternative 13 which is ranked llth_ eve r_ alternative ranked higher

than 31 is made from Be. But this was what the engineer suspected would

happen beforehand. In fact, it was the major reason for inputting Be

originally. In a very real sense (as he did with the rule for adding

stiffeners), the engineer, by comparing Be with his more traditional

metals like stainless steel and AI was Using the program to verify what

he had suspected all along but had never had the chance to investigate as

systematically as he could with the oT ranking list. From the very start

(in addition to checking out the program), the engineer was using the

program to conduct a feasibility study. Thus, the engineer was certainly

not surprised by the demonstrated superiority of Be designs. Quite the

contrary. He merely felt that he was able to confirm what he knew, the

superiority of Be, pTwise.

The engineer would only have been surprised if alternative 31 were

not near the best of the AI alternatives. In this sense, it was not the

absolute rank of alternative 31 that was important, but the fact that it

was essentially as good as the best of the AI alternatives. If alternative

31 came out to be noncompetitive, the engineer Would have seriously

questioned the pT ranking routine itself. As he put it himself,

I would have been surprised to find out that we could have been

doing things wrong for all these years. I Just wouldn't have

been able to believe it.

What confirmed the essential validity of pT ranking structure was

its tendency to confirm the engineer's intuition as to how the various

alternatives should be ranked. Take, for example, alternative 32, the

counterpart to 31. Alternative 32 is the same in every respect except

for the fact that it is not heat-treated, which, of course, changes all

its design thicknesses, T31, T21, TII. Thus, it should be, as it is,

farther down in the list. In fact, since alternative 32 is the last of
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the non heat-treated AI DCFWalternatives, it should be the worst of all

the incremented DCFW's. Thus, it should be the worst of all the DCFW's

which it is. Likewise, spheres, because they have a larger diameter,

should also be farther down. On the other hand, the addition of a window

to any alternative should raise its position. Compare, for example,

alternatives 25 and 31. Obviously, a muchmore systematic study over a

large range of variables would be necessary in order to discover in

general howranking varies as a simultaneous function of configuration,

heat-treat, window, metal, and initial flask dimensions. The samekind

of systematic study would also be necessary in order to investigate the

general validity of the ranking routine itself before i_!tin turn could

be used to discover how ranking does vary with the aforementioned var-

iables. In addition to the preceding variables, we would still have to

show how ranking varies with two of the most important kinds of variables

of all, the initially "given" allowable pT's and the weighting factors.

At this point we can see how the decision to print out only the

"best" stiffened alternative had further consequences. By not being

printed out as a separate alternative, case i (TsE = 0.025" as calculated

by the engineer) or the design without any stiffeners, was not ranked

with respect to the other alternatives. Thus, although he has not lost

any design information about the alternative (e.g., its thicknesses),

the engineer has lost what is now to him the most important information

of all, its 0T rank. Unfortunately, it would take a great deal of work

to go back and correct this oversight. We have one example of where, to

say the least, the engineer is more adaptable than the program.

Next, the engineer merely scanned the cost ranking list. While

he felt that the costs of the DCFD, and sphere configurations were in

the right "ball park," as he put it, he also felt that the DCD configura-
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tions were too low. Both the minimum and incremented DCD's were looking

good at the expense of alternatives 13 and 31, both DCFW's. The engineer

recalled that at the time he gathered together the various detailed costs

(see Fig. 40, pages 6 through 9), he merely assigned a common assembly

cost of $400 to all of the alternatives. This, in effect, assumes that

all the alternatives can be built somehow, but, unfortunately, really

ignores the fact that it is relatively much more difficult to assemble

any minimum configuration and particularly a minimum DCD ("the ship in

the bottle," as the engineer calls it). The engineer felt that even

though he only wanted to use the program in the future for cost "esti-

mates," but nevertheless still use it, he had better go back and re-

examine his bases for estimating the costs. The same comments applied to

the time ranking routine as well. These two features of the program were

probably doing the poorest Job of any routine. But even so, the engineer

felt that they were still adequate enough to point out the relative

disadvantages of Be costwise as much as the 0T list pointed out their

advantages 0Twise.

In sum, the engineer felt that if he interpreted the cost list

correctly by discounting the false goodness of DCD's and by further noting

that every AI alternative in front of 31 (except for 13) was really

poorer 0Twise, then he felt that the program really confirmed his best

design choice given the configurations from which he compared. The

point is that the differences between the best alternatives costwise

(20, 21, etc. ) and alternative 31 would not really be enough to offset

the advantage of alternative 31 0Twise.

We now turn to the 6 x 12 flask designs. We shall not burden the

reader with an extensive comparison. We shall only list the major var-

iables which the engineer compared. Furthermore, since, for example, the

metals considered were the same, we shall only list as well the values
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of the major input variables that were important and specific to the

6 x 12 case: l

RF = 3.000", LF = 12,000", I

= 1.000", WNCR = 3.500", lARFincr

DNCR = 6.600", ANCR = 7.750", |

I
NTNSTY = i.i00, DCRIT -- 16.000, i

WT(1)== WT(2) = WT(3) = WT(4) = i0, i

PWND 1.395, PTIA L = OTIA R = 0.085,

OT3A L = OT3A R - 0.175

!
]

We compare the program and engineer: l
l

6 x 12 case

Engineer Program

RC h.0" 4. 000"

LC i0 1/8" 10.1h8"

WNCR 3 1/2" minimum 3.712"

Tli 0.012" 0.012"

TIE 0.012" 0.011"

T2I 0.016" 0.015"

T2E 0.016" 0.013"

T3I 0.023" 0.025"

T3E 0.036" 0.037"

t3STF 0.025" 0.028"

Alternative 31 was again the alternative of comparison, a stiffened,

heat-treated, drawn, AI design. As the comparison shows the match is,

according to the engineer, "extremely good." The only discrepancy is that

whereas the program's alternative has i stiffener, the engineer's had 2.

The program, in fact almost exactly matches all the thickness that the
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engineer computed for the 8" D i stiffener design, i.e., case 5. The

program's value of tSSTF = 0.028", in fact, exactly matches what the

engineer computed for case 5. Why, then, we ask, is there a difference?

The answer again lies with the way in which the program added stiffeners.

The program added stiffeners until (according to the inequality number,

INEQC = 37), TBA = 0.026" > tBSTF = 0.028" > TBI = 0.025". When the

program tried to add another stiffener to make the design as thin as

possible, i.e., as close to T as possible, an additional stiffener
Sl

made the inequality become TBA = 0.026" > TBI = 0_025" > tSSTF (whatever

tSSTF then became). Since TBI is the minimum design thickness possible,

the program reverted to the one stiffener design. Because the program,

in other words, originally computed a T of 0.025" or Just 0.002" higher
Bl

than the engineer did (i.e., TBI = 0. 02B"), a whole additional stiffener

was rejected. Perhaps there is no more dramatic example of where a little

difference in the input can make a big difference in the output, and this

means that who it is that defines the input is exceedin61 T important.

If the NTNSTY factor had been ori_inall_ defined as 1.08 instead of i.i0,

the program would have exactly matched the er_ineer's case 6 with 2

stiffeners. And the point is that the engineer would have no._!tbeen

forcing the match if he had originally defined an NTNSTY of 1.08, since

for the particular case at hand, a value of 1.08 would have actually been

much more appropriate for matching what he had done. If an NTNSTY value

of i.i0 can sometimes be underconservative (for a RATIO value near 0.50),

it can far more often be overconservative. This has been the basis all

along for sweeping the engineer in as the evaluator of the program. He is

sensitive as to the "why" of certain differences in the output, and the

point is that once he understood the reason for a difference, the engineer

could accept the program as a good simulation.
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As a short but further illustration of the importance of who it is

that defines the input, let us consider the effect of the initially defined

allowable 0T's on the pT ranking list. If pT and 0T are changed from
1AL 1AR

0.085 gms/cm 2 to 0.100 gm/cm 2, and PTsA L and 0TsA R from 0.175 to 0.200,

then none of the properties associated with alternative 31 change. The

only thing that changes is its position in the 0T ranking list. For

allowable OT's of 0.085 and 0.175, alternative 31's rank is 17 and only

meets the allowables in two directions, the left primary and right second-

ary directions. Furthermore, in addition to the expected higher ranks of

12 Be designs, there are also four better A1 designs, the best A1 being

alternative 13 (the minimum heat-treated, stiffened, A1 design) with a

rank of 9 and meeting all four allowables. On the other hand, for OT's

of 0.100 and 0.200, alternative 31's rank is 14 and meets all the allowables.

The only better A1 is now alternative 13 with a rank of ll. The point is

again that a little difference in who it is that is choosin6 the input

makes a bi_ difference in the output.

Since the arguments of this section have been long and involved, we

briefly summarize the main points and conclusions: (1) What the engineer

finally builds is mainly dependent upon three factors: (a) The first

is dependent on what he can basically analyze, i.e., the particular

equations he has available for analysis, his knowledge of their use, and

the limits on the equations themselves which affect their use. (b) The

second factor is the existence and availability of stock parts, and the

third factor (c) is the existence and availability of formerly designed

parts. (2) The program simulates only the part associated with (1)(a)

above. By the engineer's own estimate, the program simulates only up to

50% of all possible configurations the engineer ever considers (e.g., the

alligator-Jaw for one). (3) When compared at the level of actual detailed



computations, there is a noticeable difference in som____eof the engineer's

behavior and that of the program. For example, recall the engineer's

simultaneous considerations and execution of several steps like &raving

and the addition of stiffeners. But there is also a noticeable similarity

in many of the steps like the membrane analysis, the external pressure

analysis, and the calculation of stiffeners. (h) When compared at the

level of gross output, according to the engineer's own evaluations, there

was a good fit between the program and what he himself had done. More

to the point was the engineer's criterion of "goodness of fit." Since

the engineer was most interested in comparing alternatives pTwise, and

since the alternatives either matched quite closely thicknesswise or

could easily be adjusted to match (e.g., a simple change in NTNSTY from

i.i0 to 1.08), the engineer accepted the program more for its over-all

0T comparison between alternatives than he accepted it for its close

matching. In other words, it was not as important for the program to

match exactl,y what he had done as it was for it to be "in the ball park"

(as he put it). It was more important for the program to give him a

comprehensive evaluation of how good what he had done in the past actually

was. In the engineer's own words, "the program looks good enough to be

used for a preliminary design evaluation of alternatives." (5) The

engineer's sensitivity to the influence of variables like NTNSTY on the

program also points to another reason for having the engineer Judge not

only its goodness of fit but, more importantly, the program's general

adequacy. The engineer's sensitivity to a single variable is enough to

prove the general point that he who determines the input determines the

output.

227
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Case II

Towards the end of the investigation of X's case, the engineer's

boss, who was by now aware of the program's "success," became interested

in applying it to a problem he had at hand. Since he was not as familiar

with the program's detailed operation as the engineer was, he wanted a

preliminary evaluation of one of his designs done for him, by the engineer

using the program.

Essentially, the only input given to the engineer was the little

that was initially given to his boss by the physicist requesting the study:

RF = 3_.0", LF = _2.0", ANCR = 0.0", and the fact that WNCR was to be wide

enough to completely enclose the design. In addition, the engineer's boss

had assumed for his design metal the 6061 heat-treatable AI alloy. He had

assumed a relatively low safety factor of I.i0 in order to get a "close"

design. The only other fact that was really known was that the physicist

(hereafter referred to as Y) was only interested in the primary direc-

tions. Y did not care how thick the secondary directions were as long

as the primary directions were, as usual, "as thin as possible."

The major input variables that the engineer had to assume in order

to run the program were as follows: (I) ARF. = 2.00" ; for a large
incr

flask of the size being considered, the engineer knew that a large amount

of insulation would be necessary in order to minimize the loss of hydrogen.

Thus, a relatively large increment was indicated. (2) WNCR = 55.0"; the

engineer merely guessed at a value of WNCR large enough to accommodate a

W]_ type of configuration with, most likely, large window deflections in

order that he could investigate whatever advantages a window configuration

might have to offer. (3) In addition to the 6061 A1 alloy which his boss

had already assumed, the engineer also considered another A1 alloy,
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5083. 6 5083 is a non-heat-treatable AI alloy which is stronger than 6061

in a non-heat-treated condition. Because the required vessel would be

large, and therefore, perhaps too large for the Lab's heat-treating facil-

ities, the engineer deemed it wise to consider another alloy which was

particularly good in a non-heat-treated condition. Furthermore, since

the program was basically set up to run and compare any three different

metals, one might as well take advantage of the capability; thus, the

third metal assumed was the 300 series stainless steel, also a non-heat-

treatable alloy. (4) NTNSTY = 1.00, DCRIT = 16.0", and PWND = 1.395

gms/cm 3 as usual. (5) In order to stress the importance of the primary

directions over the secondary, the engineer arbitrarily chose WT(1) =

WT(2) = 100 and WT(3) = WT(h) = 0. (6) The importance of the primary

was also reflected in the allowable pT's selected: PTIA L = PTIA R =

0.500 gms/cm2; PTBA L = PT3A R = 5.000 gms/cm 2. These values, like the

weighting functions, were also chosen somewhat arbitrarily. These

allowable pT's were merely the result of the engineer's very rough

estimate of what the actual design pT's might be.

The program was run, and the results, to say the least, were

highly surprising. The pT ranking list (see Fig. hl), the output of

most interest, showed that the best alternative pTwise was one that the

engineer's boss had not seriously considered at all. (Since only a

relative pT comparison of alternatives was really of interest, we only

show and discuss, in addition to the input, the pT ranking list.) The

program clearly showed the superiority of the WFWSPH configuration even

though the thicknesses of its windows were noticeably greater than the

thickness of every other configuration's hemispheres. For example, if

we compare the thickness of WFWSPH's left-primarywindow (0.251") to

6Cf. Alcoa Aluminum Handbook, Aluminum Company of America, 1959.
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alternative 14's left-primary (0.155"), the difference is certainly notice-

able. But of course the real point is that pTwise the advantage is Just

the opposite. Since the density of the mylar (1.395) is considerably

lower than the density of A1 (2.70), pTwise the window is actually much

better (0.889 to 1.06_ gms/cm2). We have to remember that pT and not T

alone is the criterion for ranking alternatives.

The program showed the engineer's boss that in spite of his prev-

ious intuitive doubts concerning the assembly and testing out of such large

windows, he should actually have given the alternative serious considera-

tion. Here we have a case where the program was "accepted" as a valuable

preliminary design aid precisely because it did not match a preconception.

The element of "surprise" was instrumental in confirming the program's

utility.

The boss's acceptance of the program is even more dramatic when

we realize that the program was "accepted" by someone for whom it was not

even written for (i.e., modeled after) in the first place. By sweeping

the engineer's boss as well into the validation process, we have a richer

and broader notion of the program's utility than if we only stuck with

a comparison of the engineer.

We should also mention that the preceding conclusions were

strengthened even more when the engineer converted the allowable pT's into

allowable OT's divided by radiation lengths. That is, if the design cri-

terion becomes pT/RL, then the oT ranking list, which now becomes a

oT/RL ranking llst, shows the WFWSPH alternative to be even better (see

Fig 42). Not knowing the physicist's criterion to be either 0T or pT/RL,

the engineer thought that it would be instructive, both for his boss and

for Y, if he were to run the program for pT/RL as well. The procedure
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also shows, once again, how the choice of input decisively affects the out-

put: Since the engineer now knew the superiority of the WFWSPH alterna-

tive, as well as its detailed thicknesses and the fact that the 0T/RL cri-

terion would only further demonstrate WFWSPH's superiority, he could now

choose the allowable pT/RL's to deliberately emphasize the alternative's

superiority. Notice that whereas before the highest RO number was only 2,

it now became _. In addition to the WFWSPH alternative, the pT/RL criter-

ion also showed the relative superiority of window alternatives in

general (i.e., in this case, SFW alternatives).

Case III

As a final attempt to get at least one physicist's evaluation of

the program, this researcher suggested that the engineer do a program e-

valuation of a past design and then present the results for a particular

physicist's comments. We both thought that by confronting a physicist

with what the program could have done with one of his past designs, we

could perhaps secure a physicist's interest by giving him something con-

crete to evaluate. More specifically, we also thought that the best way

to accomplish the above would be to run the program twice, first merely

trying to match what was designed and, second, definitely trying to better

the design.

This part of the study involved the engineer's selecting a past

design which was, first of all, on file and, most of all, a configuration

the program could simulate. It also involved selecting a design which

was done for a physicist who was still with the Lab and who had expressed

at least a tentative willingness to cooperate. There were not many de-

signs which met all these criteria. There were, in fact, only two. One,

a 6061 AI, heat-treated DCFW, was selected.
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From the drawings on file, the engineer either read off directly

or merely scaled the values of the major input variables he needed:

/

RF = 1 50", LF = 18.75" ARFincr = 1.50" WNCR = 4.75" DNCR = 6.00"• , , ' '

t_NCR = 13.125". In addition to assuming AI as the design had, the engin-

eer also considered 300 stainless steel and Be as metals for comparison.

One of the major assumptions the engineer had to make were the values

of the weighting factors; for convenience, as much as for a lack of

information, he assumed them all equal to i0. Finally, from the design's

stock thicknesses, it was an easy matter for the engineer to compute

reasonable estimates of the allowable pT's for the program. Even if the

physicist had originally wanted lower allowables, the engineer reasoned

that these estimates would still suffice as a beginning, since they had

apparently been good enough for the physicist's final consideration:

0TIA L = 0.210 gms/cm 2 (_ 0.030 in. x 2.54 cm/in, x 2.70 gms/cm3); 0TIA R =

0.080 (= 0.0225 x 2.5h x 1.395); PT3A L = PTBA R = 0.280 (_ 0.040 x 2.5h

x 2.70).

A comparison of the most important variables follows:

Drawing Program

RC 3.00" 3.000"

LC 17.50" 17.527"

T3DC 0.0h0" 0.040"

T2DS, TIDS 0.015", 0.020" 0.009", 0.011"

THICKW 0.0225" 0.019"

The agreement, remarkable as it is by itself, becomes even more remarkable

when we note that we have compared the program written especially for the

engineer to a design which was not even originally done by the engineer.

Not having any idea as to what another engineer might have assumed for the

safety factor,
6061 heat-treated AI alloy ^it is inaeed remarkable that the final design
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thicknesses for the cylinder match so closely. According to the engineer,

even neglecting the possibility of a difference in safety factor, the

differences in the hemisphere's thicknesses are not unreasonable. This

became clear when the engineer pointed out that the design which was

built in 1961 was made by spinning. This, by itself, is almost enough to

account for the differences in thicknesses since the program considers

the dome drawn. The engineer noted that the facilities for drawing

domes six years ago were not like they are now. The other part of the

reason for the difference between the program and the drawing, the en-

gineer ascribes to the fact that the drawing's thicknesses refer to

stock parts while the program refers to the theoretically computed mini-

mum required thicknesses. In the same vein, the other designer probably

used another safety factor on calculating the window's thickness.

Furthermore, whereas the drawing assumes a window built up out of three

0.0075" stock sheets, our engineer would use two 0.010" sheets.

Having satisfied himself that he had found the most likely reasons

for the differences, the output of major interest became, as to be ex-

pected by now, the pT ranking list. The pT ranking list (see Fig. _3)

showed the alternative being matched, number 13, to be the best of the

aluminums; alternative number 13 was ranked 13, the first 12 alternatives

all being Be. In other words, for the particular allowable pT's assumed,

the physicist (hereafter referred to as Z) got himself the best aluminum

design that he could have gotten. But the real question in the engineer's

mind was whether Z could have done even better. "What would have happened,"

the engineer asked, "if Z had originally asked for allowable pT's even

lower? In order to find out, the engineer reran the program with every-

thing the same except for the allowable 0T's. Except for PTIAR, which

could be figured on the program's computed value of 0.019", all the allowable



238 I

0T's were made approximately one-third of their former values: I

IPTiA L = 0.070, 0TIA R = 0.065 (0.019 x 2.54 x 1.395), OTBA L = 0T3A R = 0.090.

A comparison between the program's design for the initially

assumed pT's and for the reduced values is extremely illuminating:

I

I

I

I

T2DC, TIDS

T3I

T3E

t3STF

K

HSTF

B
STF

Hi pT's Lo pT's

0. 099"-0. 011" 0. 009"-0 •011"

0. 019" 0. 019"

0.0h0" O. 0h0"

0. 040" 0. 019"

o 5

0 0. 237"

0 0. 079"

By adding 5 stiffeners, Z could have improved on the design thickness of

his cylinder by a little more than a factor of two, from 0.040" down to

0.019". Furthermore, as the OT ranking list for this case also shows,

there are three additional A1 designs which are even better (see Fig. h4).

Alternative i, for example, a minimum DCD, 6061 heat-treated AI design

with six stiffeners, asks the question why Z wanted such a big increment

(ARFincr = 1.50") to begin with. A smaller diameter design would have

been much more efficient. Essentially then, what the engineer planned

to ask of Z was why he originally selected what he had and, given the

program, would he now select differently. More specifically, the engineer

was interested in finding out how Z would make a trade-off between, say,

0T and cost. For example, alternative 29 which is rankedhigh on the Lo

OT's list is ranked very low on the cost list (rank no. 42). In general,

Be vessels which are excellent pTwise are quite poor costwise.
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Unfortunately, we were not able to get much of a response out of Z.

We certainly could get nowhere near the detailed evaluation of the program

we wanted. A detailed examination of how he would trade off cost and pT

seemed completely out of the question. In short, it appeared that the

presentation was basically threatening; it seemed to undermine some of Z's

major preconceptions about design. After the meeting the engineer remarked

that he thought that Z had probably designed the vessel himself since,

for one, the original drawing only bore the signature of a draftsman and

did not contain that of an engineer; for another, the engineer also

remarked that Z characteristically overdefined his design requirements,

often leaving no alternative for an engineer but merely to draw up what

Z had already decided upon. In earlier talks with Z, this researcher

had occasion to observe him remark that he didn't think the problem being

studied was particularly interesting in the sense that he thought that

the design of pressure vessels was essentially governed by the choice of

material. Z felt that the number of degrees of freedom (i.e., independent

variables) associated with the design of pressure vessels was essentially

limited by the materials one had to work with. As our long discussion

shows, such is far from really being the case.

On the other hand, the meeting with Z was not a complete loss, and

it was not at all in his disfavor either. Z did respond to the program

enough to be convinced of the advantage of stiffeners, as he had definitely

not been convinced prior to the meeting. He was also definitely inter-

ested in exploring thepossibility of using Be having seen its advantage

pTwise. Up to this point Be had not been extensively used because of

the special safety precautions that would be required for its use.

It was also costly and hard to work with, but, even so, the program

suggested to Z the desirability of at least investigating its future use.



Perhaps Z paid the program the most favorable compliment of all when upon

noticing the distinct advantages of using stiffeners, he suggested

making stiffeners out of Be. Even though it might be at present diffi-

cult and costly to make entire Be vessels with Be stiffeners, it would be

relatively easy to make AI or stainless steel vessels with Be stiffeners.

This approach would make it feasible with present techniques to combine

the best features of the different metals.

In any case, if Z now felt that the engineer's Job had "a few more

degrees of freedom" than he had previously thought, he didn't openly admit

it. But he did acknowledge it in one sense by conceding, for one, the

advantage of stiffeners. For the most part, the program must be credited

with this change in behavior if not in attitude. Without the program,

it is doubtful whether the evidence would have been as convincing. Of

course, this is not to deny that the mere fact of two people confronting

Z alone must have had some influence on his partial acceptance of the

results. Nevertheless, even for this to have occurred, the program was

first necessary.

Before concluding this section, there is one more aspect of case III

that is relevant to our general discussion. Some time after the meeting

with Z, the engineer, in the course of his general readings, came across

a book which gave him a better and more detailed understanding of Be's

properties. 7 On this basis of his readings, the engineer revised his es-

timate of the difficulty and uncertainty involved in dealing with Be.

Because of its extreme brittleness and notch sensitivity, to mention only

two of the factors, the engineer felt that at this time he would have to

increase his safety factor associated with Be from 2 up to 4. We might

7G. E. Darwin and J. H. Buddery, Metallurgy of Rarer Metals-7:

Beryllium.
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say that, strangely enough, because of additional knowledge, the engineer's

uncertainty about using Be actually increased. With time and experience

in actually using the metal, the SF would probably go down. In any case

the point is clear: as the engineer puts it, "my safety factor is sort of

a measure of a number of things: ignorance, familiarity with the material,

its elongation, whether it's a ductile or brittle material--basically,

how much actual experience l've had with the material." The point is

equally described in terms of "confidence." Because none of his past AI

designs has failed by using a safety factor of 1.50, the engineer has

"confidence" in the SF he uses for AI. We could equally say that the

engineer has confidence in AI for a SF of 1.50.

In order to see what the effects of changing Be's SF are, we pre-

sent Just the 0T ranking lists revised for both the Hi and Lo allowable

OT's of before. Without having changed the properties of the AI designs

by one bit, the improvement in their ranking is indeed striking (see

Figs. 45 and _6).

Concluding Remarks

While differing in extent to be sure, the program was nonetheless

validated by three different parties: the engineer, his boss, and a

particular physicist, Z. The criterion of validation was "utility."

While the match between the program's and the engineer's output was more

than satisfactory, this was not the major factor in the program's accept-

ance. Precisely because the program printed out more than what the engin-

eer explicitly considered was it all the more useful. It was not because

the program exactly matched or did not match what the engineer did that

made the program acceptable. The program was accepted as useful only
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because the engineer understood why it matched as veil as did not match.

The mere fact of matching alone would not have been sufficient for its

acceptance. The program gave the engineer a larger view of the whole

design system. This was the criterion for acceptance.



CHAPTER VI

Summary and Recommendations

The purpose of this chapter is basically twofold: first, to

summarize our most general conclusions, and, secondly, to use them as

a basis for suggesting future research. For the most part, we shall

develop our recommendations in terms of some of the literature which

directly concerns the nature of the engineering design process. We

shall also discuss some additional topics which, although they might

appear to have little to do with engineering design, can nevertheless

be shown to affect it significantly.

Our first and most general conclusion is one that we have re-

peatedly emphasized, i.e., that design is both a technical and a be-

havioral process. Since the literature on design has nowhere recognized

the extent of the interaction that exists between these two points of

view, we feel that we cannot really overemphasize this conclusion.

In fact, the contents of Chapter V should be taken as a testimony to

this conclusion's actual importance. There we demonstrated that who

the engineer and physicist are fundamentally determines what is finally

designed. The engineer not only affects the design by analyzing only

what he knows how to analyze but also by how he responds to a particular

physicist's needs. The physicist, on the other hand, affects the

design not only by how he expresses his needs but also by how he responds

to a particular engineer. There could be nothing more fundamentally be-

havioral about the engineering design process than how the personal

245
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knowledge and personalities of the particular individuals involved affect

what is designed. In case this point is still not clear, we can only

offer some more of the engineer's comments as additional proof:

Possibly the reason why physicists aren't used to or aren% recep-

tive to some of our thoughts about stiffeners is that other engin-

eers around here are designing similar equipment with higher safety

factors .... And if you use a higher safety factor for the same

loading conditions, it Just doesn't pay to add stiffeners.

The point is general. What is true for the single input variable "safety

factor" is true for every other design variable, input or output. Because

no two engineers have exactly the same experience or field of knowledge,

their designs can be fundamentally different. The same is also true of

physicists. In order to know when to request an alligator-Jaw, a physi-

cist must first have the knowledge that such things even exist.

The foregoing remarks are not meant to imply that design is nothing

but a behavioral process. They are merely directed against the position

that argues that design is nothing but a technical process. As we

stated in Chapter I, our position is that design is both. But even more

to the point, our position is that every aspect of design is equally

interpretable in technical as well as behavioral terms and that one in-

terpretation without the other is incomplete. Every desisn variable has

both a behavioral as well as a technical meaning. This is the sense in

which we interpret every design variable to be both technical and be-

havioral in nature• And this is the very point we are criticizing other

authors writing on the engineering design process for not taking. Of

those authors we are familiar with, only Buhl comes close to emphasizing

our point:

• . . The way we analyze is dependent upon who we are and how

we think by virtue of the training and experience we have had.

Some individuals require more physical things as in the case

of the mechanical engineer. Some people are very adept at



247

analysis vith words while others better understand graphic
analysis. _

In comparison, Asimow, Gosling, Marples, and Norris, 2 while they

all recognize the contribution that social science can make to design,

nevertheless still imply, like RamstrBm _ud Rhenman 3 in Chapter I, that

the behavioral and technical aspects of design are basically separate

and distinct. What they all seem to be saying is that while social

science can be profitably used to improve factors like the interaction

between the client and the engineer, there still remain some features

which are completely technical in the sense that they are completely

independent of behavioral concerns. We, on the other hand, are pro-

moting the radical point of view that every feature is equally and in-

separably behavioral as well as technical.

Perhaps a specific recommendation will help to make the preceding

points clearer. In Chapter V we remarked in passing that it would have

IHarold R. Buhl, Creative En6ineering Design, pp. 83-8&. We

would supplement Buhl's analysis somewhat by noting that words and

graphic analysis are both abstract, and that one is not necessarily

more or less abstract than the other. Instead, abstraction is a two-

way street. What is physical to the mechanical engineer may be quite

abstract to the electrical engineer. Electrical phenomena are not

always more abstract than mechanical. We may merely be describing

different psychological types to whom one kind Of phenomenon is more
abstract than the other. Cf. C. G. Jung, "Psychological Types,"

The Basic Writings of C. G. Jung, New York, Modern Library Edition,

pp.1831285.

2Morris Asimow, Introduction to Design; William Gosling, "The

Relevance of System Engineering" in Conference on Design Methods, J. C.

Jones and D. G. Thornley, eds., pp. 23'32; David L. Marples, "The De-

cisions of Engineering Design," IRE Transactions on Engineering Manage-

ment (June 1961), pp. 60-71; K. W. Norris, "The Morphological Approach

to E-----ngineeringDesign" in Conference on Design Methods, pp. l15-1&0.

3D. RamstrSm and E. Rhenman, "A Method of Describing the Develop-

ment of an Engineering Project," IRE Transactions on Engineering Manage-

ment Vol. EM-12, No. 3 (September, 1965) pp. 79-86.
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been extremely helpful if Kraus h had expressed his solution to the Love-

Meissner equations in analytical as well as in tabular terms. Our first

proposal, therefore, is for a survey. We think it would be most informa-

tive and extremely relevant to know who reads what Journal and what use

is made of what is read. Amongst other things, we feel it would be worth

knowing whether different engineers and engineering groups prefer different

kinds of technical formats. A preference of format would clearly be one

representation of the behavioral dimension of technical papers. At the

same time, it would certainly influence the technical content of papers,

since format and content are generally interdependent. For example, in

the Kraus paper the construction of a tabular format was clearly in-

fluenced by the number and kinds of variables for which the Love-Melssner

equations were solved. 5 A different format would have required a different

solution of the equations, and vice versa_ a different kind of solution

would have required a different kind of format. A different kind of

technical solution would have made possible a different kind of use and

interpretation of the physical phenomena involved.

The interdependence of any behavioral and technical interpretation

of any design variable can also be seen in another aspect of the Kraus

paper. This aspect as well is also directly related to the paper's

format. Essentially, the point is that the kind of solution which in-

fluenced the format was in turn influenced by the kinds of experimental

results that were originally available. The kinds and ranges of var-

iables reported in the literature, to which Kraus' theoretical solution

could be compared, affected the kind and range of solution which Kraus

hH. Kraus, G. G. Bilodeau, and B. F. Langer, "Stresses in Thin-

Walled Pressure Vessels with Ellipsoidal Heads," Paper #60-8A-12, Trans.

ASME, Vol. 12 (1960), pp. 1-12.

5
Cf. Kraus, Bilodeau, and Langer, op. cit., p. 6.
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constructed. 6 Presumably a different format (a behavioral factor),

possibly requiring a solution which was expressed in terms of different

variables, would require new experimental work (i.e., a technical factor);

it could even require the discovery and creation of new technical

theories for the stress analysis of pressure vessels.

We can summarize our most general criticism of Asimow, Gosling,

Marples, Norris, and RamstrBm and Rhenman by noting that no matter

how much lip service they all pay to the human factors in design, their

conception of the design process is still too mechanistic. Perhaps a

specific paragraph from Norris will help to make this clear:

The first step in all organized design processes is to establish

and set out the field of investigation. Especially if one is

looking for a new or peculiar solution, this field should include

all acceptable and reasonable or possible solutions. One of the

normally accepted ways of doing this is to produce a straight-

forward list of possible answers. The morphological way of doing

this, however, is to produce a table or matrix where all the

parameters concerned are listed vertically and the corresponding

parameters "steps" are listed horizontally. The parameters of

such a "morphological chart" describe, in general, the features

and functions of the subject considered. They indicate what the

subject must in fact "BE" or "HAVE". The parameter "steps" on

the other hand describe, in general, the "MEANS" of achieving

the required characteristics as indicated by the parameters.

The emphasis of all the authors cited, and especially Norris in particular

is more on the "parameters," the "steps," the "means," in other words,

the emphasis is more on a technical description of the problem than on

who it is that will be solving the problem. The trouble is that they all

emphasize, if not basically assume, that design is a wholly rational,

technical process. None of them even once mentions the fact that there

can be gross misunderstanding or even open conflict between the parties

6
Cf. Krause, Bilodeau, and Langer, op. cit., pp. 3-4.

7Norris, op. cit., p. ll6.



250

to a design. (The listing of answers is not so "straight-forward.")

Now in these respects our program really fares no better. DESIGN, by

itself, is also no more than a collection of mechanically expressed de-

cision rules which operate on a given "problem." But then in compensa-

tion, this is why we felt compelled to emphasize all the complex inter-

action leading up to the definition of a "given" input. This is also

why we emphasized the significance of the program to the engineer.

Chapter V's detailed discussion of the comparison between the program's

and the engineer's behavior explicitly shows what is only implicitly

contained in Chapter III's discussion of DESIGN' s structure: Chapter V

explicitly shows that the program is really a representation of how

single engineer conceives of the "problem." It also shows how a parti-

cular engineer conceives of the general characteristics, i.e., needs,

of physicists. Furthermore, because the number of variables characteri-

zing those needs is large and because they are understood differently

by the parties involved, Chapter V shows that the chances for mis-

understanding and conflict are not at all nil. The following comments

of the engineer should serve to emphasize some of the preceding points:

The main advantage of the program is that it allows a comparison

of a lot of alternatives with respect to a lot of design variables.

This is particularly advantageous for a complicated layout in

which space requirements are tight and it's difficult to come up

with an alternative that's equally efficient in terms of pT and

cost as well as space. The program shows at a glance which

alternatives meet which requirements. Contrast this with what

we've had to do. When we sold a design to a physicist in the

past, if it was one that was hard to come by originally--i.e.,

it took five or six layouts to get something that presumably

met all the requirements--we weren't going to take all five or

six layouts to the physicist and say you have to use alternative

number 6 because the first five didn't meet your requirements

because of such and such reasons. This might have implied that

it was a trial and error t.ype of design and it might make him.

lose confidence in the way we do thin_s by Just his finding out

how we actually have to do thinks. And so Just to _et a firm

commitment on a design so something can be built, say in a hurry[
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without wasting a lot of time, we would limit the number of pos-

sible designs we consider to _ust a few, for the fewer we take to

him. the easier it is to sell him Qn Cne particular design [em-

phasis added]. The program not only considers more alternatives

but it also considers them all at once. Here again the program

is superior because of the latter respect. If we only take one

design to a physicist and he says, yes, it meets all my require-

ments except this one, well, you know in the back of your mind

that you did consider that but you Just can't recall what the

problem was and why you didn't propose some different solution.

You probably did the layout maybe a month or so ago, and now

you Just don't have all the facts at your disposal.

In comparison with what really takes place between the engineer and a

physicist, Norris's position is too weak. He thinks that by merely using

his morphological approach, an engineer will finally produce "a solution

which may need a little explanation but in its more developed forms will

,,8
certainly be acceptable to the client.

At this point some of our recommendations for future research should

seem almost obvious. First of all, we should like to see what programs

written for other engineers and other engineering Jobs _ould look like.

More specifically, we wonder what kinds of design variables other en-

gineers, by virtue of their own personal experience and knowledge, would

characteristically identify and how they would conceptualize them. We

also wonder if they would measure the significance of a program in the

same sense that our engineer did. As the foregoing remarks of our en-

gineer indicate, by merely giving him an over-all view of his design

strategies, an improvement in the technical performance of his Job was

made possible. This is the real significance of DESIGN, for DESIGN does

not improve on the technical performance of individual analytical

steps. It contains no radical technical innovations of any sort. It

merely draws out the general implications of what the engineer has here-

tofore been doing. But then this is the technical advantage of a study

8Norris, op. ci____t.,p. 130.
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like this. It allows one to test out one's conceptions of the design

process as other studies, like Marples' and Ramstrom and Rhenman's, have

not been able to do. As we mentioned in Chapter I, their studies were

essentially descriptive of particular past designs; they were not de-

veloped in terms of a format like a computer program which permits the

running of the model on a host of future designs.9

Just the fact alone that even a part of our description of the

design process has been programmed has been enough for the engineer him-

self to suggest some courses for future research. This is due to the

fact that the engineer would like to use the program for a systematic

examination of the feasibility of various classes of designs. Of interest

would be the sensitivity of the program to various kinds of changes in

many of the design variables such as safety factors, material properties,

allowable DT's, weighting factors, NTNSTY, etc. It would constitute an

important follow-up study in its own right to observe how the engineer

conducted his examination and what changes in his design behavior re-

sulted as a consequence. It would also be of interest to observe what

changes, if any, he made in the program as conditions changed over time.

In this same vein, the prolonged reactions of his colleagues would

certainly be worth noting, particularly as they also come to use the

program.

The most interesting piece of research we would like to see

carried out is the simulation of the interaction between an engineer and

a physicist, or, in more general terms, between an engineer and a client.

In our case, it would be extremely interesting to see how much of the

9These same criticisms can also be leveled against Asimow's

"morphology of design." C__f.,Asimow, op. ci__!t., pp. ll-19.

L
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interaction could be captured by starting with a program of a physicist's

behavior alone. The most general formulation of a proposal would read

somewhat as follows: Given the construction of n different programs rep-

resenting the design behavior of n different engineers and also given m

programs for m different physicists, first, what similarities and differ-

ences exist between all n programs taken as a group and all m programs

taken as a group? In other words, what are the general similarities and

differences amongst engineers taken as a group, and what are the differ-

ences and similarities amongst physicists? Secondly, what kinds of inter-

action programs (lijk) would be needed to match engineer i's program (Ei)

to physicist J's program (Pj) for some set of criteria k (Ck) defining

!

effective design performance? Presumably, different Ei's , Pj's, and Ck s

would require different lijk'S, or, in words, different engineers, physi-

cists, and sets of criteria would require different amounts and kinds of

interaction for the effective performance of a design project. For

example, from Chapter V it should be obvious that a minimum pT criterion

requires different design behavior than a minumum cost criterion. In

general, there are as many different sets of criteria as there are ways

of combining the general design requirements outlined at the end of

Chapter II.

Some of the more detailed kinds of topics that would certainly

be worth investigating are the following: (i) the effect of using differ-

ent formal psychological systems with respect to both the construction

i0

and actual performance of Ei, Pj, Ck, and lij k ; (2')the feasibility

lOWolman, in this respect, represents a helpfUl guide to the

advantages and disadvantages of various psychological systems. Cf.

Benjamin B. Wolman, Contemporary Theories and Systems in Psychology.
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of using the literature on conflict to construct various models of lij k in

order to represent the different kinds of conflict and bargaining situa-

tions that can exist between the engineer, physicist, and organizationll;

(3) the effect on the performance of the entire design system by using

different forms of communication media for transmitting both the input

and outputl2; (2) the effect on performance by using on-line interaction

between the engineer, physicist, and computer program; and (5) the effect

of various information displays. 13 (Chapter V is a complicated documentary

on the use of multiple information displays: graphical, analytical, and

finally, the program itself.) We only mention these topics because even

though we were not able to investigate their effects formally and syste-

matically, we were still able to note their influence. Chapter V, which

only represents a step in documenting their effect on the design process,

will have to be supplemented by second-generation, and hopefully, more

systematic studies. For example, where Chapter V only informally noted

llcf. Lewis Coser, The Functions of Social Conflict; Raymond W.

Mack and Richard C. Snyder, "The Analysis of Social Conflict--Toward an

Overview and Synthesis," Journal of Conflict Resolution, Vol. l, No. 2

(1957), pp. 212-248; Thomas C. Schelling, The Strategy of Conflict.

Schelling might be particularly appropriate. He suggests the use of

modified game theoretic models for studying conflict situations for which

the present formalized theory of games cannot quite handle.

12Cf. Edmund Carpenter and Marshall McLuhan, Explorations in Com-

munication; Edward T. Hall, The Silent Language; Marshall McLuhan,

The Gutenbera Galaxy.

13Cf. E. R. F. W. Crossman, J. E. Cooke, and R. J. Beishon,

"Visual Attention and the Sampling of Displayed Information in Process

Control," Human Factors in Technology Research Group Paper HFT-6h-ll(T),

University of California, Berkeley. Also see E. R. F. W. Crossman,

"Information Processes in Human Skill," British Medical Bulletin, Vol. 20,

No. 1 (196h), pp. 32-37. Crossman, Cooke, and Bushon's paper can

certainly be used as supporting evidence for our earlier discussion on

the interdependence of behavioral and technical factors. In their terms,

the information content that can be extracted from technical papers is

_ust as much a function of format as it is a function of the paper's
basic technical content.
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the differences in personality types and their effect on the design process,

a more systematic study would relate these differences to some of the

current formulations of psychological theory. It would constitute an ap-

propriate research project to investigate the correlations between person-

ality types (or factors) and the kinds of safety factors which different

engineers typically assumed. Of equal interest would be the reason why

different physicists characteristically, among other things, overdefine

or underdefine their design requirements. In any case, Chapter V accom-

plished its purpose by merely showing that such factors are much more im-

portant than most authors on engineering design have heretofore recognized.

There are also other topics which, although they have not been

directly related to the literature on design in the past, should be in

the future. We would also like to see these incorporated into the con-

struction of future programs. Most of these studies have to do with the

differences in education, training, and values of scientists and engin-

eers. For example, Kornhauser says:

Professions vary in their selectivity of recruitment, intensity

of training, and state of intellectual development, among other

ways. The strength of the professional orientation among prac-

titioners will depend on the extent to which their profession

possesses these properties. In the physical sciences, recruit-

ment is very selective, training intensive, and knowledge far

advanced .... By comparison, in engineering, recruitment is

not very selective, training is not very long, and knowledge is

not so advanced. As a result, professional identity is weaker

among engineers than scientists. 15

Kornhauser goes on to show how differences in professional identification

are related to differences in the type of organization that a scientist,

lhcf. William J. Goode, "Community within a Community: The Pro-

fessions,_-American Sociological Review, Vol. 22 (April 1957), pp. 19h-

200; William Kornhauser, Scientists in Industry: Conflict and Accommo-

dation.

15Cf. Kornhauser, op. ci_!t.,p. i_9.
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the samepoint. In general, scientists are professionalized to the

university, and engineers, to industry. What makes it hard to draw

universally valid generalizations is the fact that there are enormous

differences between different kinds of engineers taken as a group and

between scientists taken as a group. The industrial scientist may

actually have more in commonwith the engineer in industry than with the

university scientist, and conversely, the research engineer may have much

more in commonwith the university scientist than with his counterpart
16

in industry. Confounding this whole picture is the environment; the

values of scientists, engineers, and organizations are all interdepend-

ent. As muchas scientists and engineers are "adjusted to" the values

of the organization in which they work, they also adjust the organiza-

tion to them. Numerousstudies only continue to confirm the fact that

the scientific and engineering values of scientists and engineers are

definitely related to the type of organization in which they work. In

turn, the values of organizations are definitely molded by the kind of

professionals they employ. 17
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16Cf. Herbert A. Shepard, "Social Change in Science and Engineer-

ing," IRE T---ransactions on Engineering Management (March 1961), pp. ll-lh.

17WilliamM. Even, "Role Strain and the Norm of Reciprocity in

Research Organizations," The American Journal of Sociology, Vol. 68,

No. 3 (November 1962), pp. 3h6-35h; Gerald Gordon, Sue Marquis, and O. W.

Anderson, "Freedom and Control in Four Types of Scientific Settings,"

The American Behavioral Scientist (December 1962), pp. 39-h3; Simon

Marcson, "Role Adaptation of Scientists in Industrial Research," IRE

Transactions on Engineering ManagemEnt, Vol. EM-7 (December 1960)V-_p.

159-166; Simon Marcson, "Role Concept of Engineering Managers," IRE Trans-

actions on Engineering Management, Vol. EM-7 (March 1960), pp. 30-33;

Herbert A. Shepard, "Engineers as Marginal Men," Journal of Engineering

Education, Vol. h7, No. 7 (March 1957), pp. 536-5h2; Herbert A. Shepard,

"Superiors and Subordinates in Research," Journal of Business, Vol. 29,

(October 1956), pp. 251-267; Howard M. Vollmer, Todd R. La Porte, William
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What the preceding paragraph suggests is a systematic study of

the effects of different organizational environments on design. It also

suggests a more general study of the effect of the kind of relationship

that can exist between an engineer, a client, and an organization. De-
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pending upon the type of client, engineer, and organization, it seems

only natural to expect differences to occur in the design process. For

instance, it seems almost obvious that there would be differences de-

pending upon whether the client and engineer were or were not members of

the same organization. The foregoing comments are also necessary if we

are to appreciate the point that the conclusions of this study are only

based upon the observations of a single engineer who works in a rather

special environment. The conclusions of this study may not apply with

equal force to all other environments.

As we mentioned in Chapter II, the environment under which the

engineer works is a large university research laboratory. But what we

didn't mention in Chapter II is that the clients for whom the engineer

designs control the environment in some very important ways. His

clients not only have more education, but more importantly, more power

and official recognition within the Lab than he does. Swatez repeat-

edly shows how the policies and actions of the Laboratory reflect its

basic science orientation:

At the time of this study (196&) the formal structure of the

Lawrence Radiation Laboratory (considering the Berkeley

Laboratory only) consists of four research divisions (Physics,

Nuclear Chemistry, Inorganic Materials Research, and Biology-
and-Medicine), a technical support [underscoring mine_ division

(engineering and shops), and a number of administrative and

general services departments. Each research division is

headed by an Associate Director of the Laboratory. This has

been so for several years. Only early in 1963 was an Associate
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Director for the technical support division. This

man is a physicist, no longer active in research-_emphasis

added]• 16

The Lab has long been characterized by the extensive if not

complete protection of the researchers from non-scientific

problems of administration. Recent developments have repre-

sented an attempt to maintain this protection in spite of--

although partly by means of--an increasing administrative ration-

alization. The non-scientific_ or technical and administrative
service divisions have become more and more bureaucratized as

they have become larger, but the scientific groups have largely
maintained their informality [emphasis added]. 19

• . . the official orientation of the Lab is that administration

and technical services are there only to help the physicists•

Since the top management of the Lab has always been in the hands

of scientists, scientific goals and service to the scientists

is the dominant orientation. 20

As a direct example of the power of physicists, the engineer's

remarks supplied the following:

Supposedly every vessel is to be tested to 30 psi external

pressure. Well, once we had a vessel which was not only mar-

ginally designed for external pressure, but it was marginally

designed for internal pressure as well. When we tested it, we

got to 29 or 29½ psi--something like that--and the vessel

buckled locally with a small dent. We stopped the test, sal-

vaged the vessel, pounded out the dent, and only retested the

vessel to 27 or 28 psi, i.e., something slightly lower than

what it had originally been. Now, since the physicist was on

a very tight schedule, he got permission from the safety com-

mittee to go ahead with the design even though it didn't meet

the 30 psi requirement. It's not that I couldn't have gotten

permission as well; it's Just that it was much easier for the

physicist to get permission because he's Just in a position to

assume more responsibility for this kind of a decision in case

the design should fail in practice.

This example not only reveals the power that physicists have in the or-

ganization, but it also shows how, in Ramstr_m and Rhenman's terms

18 G "• M. Swatez, "Social Organization of a University Laboratory,

Internal Working Paper No. 44 (April 1966), Space Sciences Laboratory,

University of California, Berkeley, pp. 74-75.

19Swatez, op. _cit', p. 77.

20Swatez, op. _cit', p. 141.



(see Chapter I), the "product and engineering dimensions" of a design

can be (in contrast to RamstrSm and Rehnman's thoughtz) highly dependent

on the "needs and control dimensions." The point is that it is not

always so unambiguously clear as to the reason for a certain design de-

cision. It is not a trivial task to decide whether the basis for a

decision is either technical or administrative. In reality, most de-

cisions, even if largely one or the other, are still a bit of both.

If, as we have contended, that the personalities, personal exper-

ience, and knowledge of a particular engineer and physicist decisively

affect a design, then by now we should have seen how the personality of

an organization can also affect a design as decisively. Perhaps this

is nowhere seen as clearly as it is in the fact that a physicist has the

power to choose the particular engineers he wants working for him: If a

physicist wants a particular engineer, he need merely go over to a de-

partment head and request that engineer. Of course, the request by it-

self does not always guarantee the physicist that he will get what he

wants.

The influence of the organization can also be seen in many other

ways. As but one additional example, we discuss the effect of the Lab's

purchasing procedures. Because the Lab is a governmental organization

(in the sense that it is funded by the AEC), every item that is fabri-

cated on the outside must be put up for low bid by the Lab's purchasing

department. Now, if this procedure is intended to save the general tax-

payer money, it doesn't always work out that way. It can often cost more

to have the purchasing department search out a low-bidder than it would

if the engineer merely ordered what was most easily available. As the

engineer puts it:

259
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There is a dead period in which every outside design is sort

of totally frozen. Once the design is given over to purchasing

to go out and get quotations, then purchasing does all of the
liaison with the vendor. The engineer generally doesn't have

an opportunity to speak with the vendor because if the engineer

were to speak with one vendor, then legally he would be required

to speak with them all. If we wanted to make a change in the

design that would actually save time and money in the fabrication,

we'd have to pull all the bids back in, cancel the bids, make

the changes, and then go back out and bid all over again on the

same project. This can often be quite costly and time-consuming.

To say the least, it would be extremely interesting to study the effect

of all such "delays" on the total cost and time estimates of various

design alternatives. It would be even more interesting to study how and

whether such delays affect the decision to even propose an outside-

fabricated alternative in the first place.

Perhaps the point is clear: Even though such factors as the or-

ganizational environment were not explicitly programmed, there seems to

be no reason why in principle such factors could not have been pro-

grammed. Furthermore, there seems to be every reason to want to do so.

If the relatively little that we have actually programmed was of such

comparatively large use to the engineer, then we can only speculate as

to the even greater use that a larger program could be put to. Pre-

sumably, an even larger program could better integrate the design

policies of all the parties involved, i.e., the engineer, the physicist,

and the organization.

If this study has produced some rather direct and useful con-

sequences for a particular design engineer, then we also believe that

it contains some rather long run implications for the training and prac-

tice of future engineers. We believe that a study like this calls into

question some of the most cherished, and hence, most often unspoken,

assumptions of engineering education. One of those assumptions is that
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since engineering is problem-oriented, engineering design is best taught

through the solution of countless problems. This may indeed be true, but

perhaps only if we re-evaluate the kinds of exercises that have been tra-

ditionally called "problems." Most, if not all of the problems given to

engineering undergraduates require only a single answer. These problems

are already so over-defined that they prohibit the student from taking

an active role. Since the student works neither to define the problem

nor to formulate the criterion for a "solution," they are problems in

name only. Consider what Baddour has to say:

Examination of the effect of the single-answer problem on

engineering attitudes reveals:

(i) Incomplete or contradictory data have little place

in single answer problems.

(2) Engineering Judgment is not required of either the

student or the instructor, hardly a situation to

encourage its development.

(3) The very existence of an objective standard puts the

instructor in an almost impregnable position, which

only a few of the very bright students will dare to

challenge. Skepticism and the questioning attitude

are not encouraged by this situation. Neither the

data, the applicability of the method, nor the result

are open to question.

(_) The single-answer problem usually suggests the infalli-

bility of logic rather than the ultimate word of experi-

ment. The early history of science bears witness to the

paralysing effect of this attitude. 21

Another assumption that this study questions--and perhaps it is

the most important unspoken assumption of all--is that it is more im-

portant to teach analysis to engineering undergraduates than it is to

teach synthesis (whatever synthesis is and however it can be taught). 22
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21R. F. Baddour et al., "Report on Engineering Design," Journal of

Engineering Education, Vol. 51, No. 8 (April 1961), p. 651.

22Dixon raises precisely this point. C__f.John R. Dixon, "Design and

Analysis: A Conflict of Interest," Journal of Engineerin_ Education, Vol.

5_, No. 7 (March 196_), pp. 2_3-245.
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Consider Baddour again:

Recent engineering graduates were criticized for unwillingness

and inability to consider a complete problem such as a design

problem. Instead they showed a desire to seek a fully specified

problem which could be answered by analytical methods. It was

stated that engineers with advanced degrees were even more prone

to avoid a complete problem. When they did tackle a whole

problem, they tended to struggle to analyze it with all generality

rather than break it down into manageable pieces• Men trained

at second-rate schools were often found to be more willing to

attempt the solution of a whole problem than those trained at

first-class schools. In spite of inferior technical education

these men often worked into positions of leadership [from]

whence they directed the work of those from the better schools.

• . . Several times it was remarked that young engineers tend to

consider problems which do not involve mathematics at least

at the level of the calculus as beneath their dignity--something

to be turned over to a technician who was without the benefit of

higher education. This attitude often prevails in spite of the

clear indication that the most important decisions in a design

problem must often be made without assistance from higher math

[underscoring mine]. 2j

Indeed, the most important design decisions are qualitative and not

quantitative:

In a design problem, synthesis must come first. It is necessary

to have a concept before it can be analyzed. Furthermore,

nearly every physical device is far too complex to permit analy-

sis directly. In order to make the problem amenable to analysis,

it is necessary to conceive a model having the essential charac-

teristics of the actual device but simplified to eliminate non-

essential detail. A physical device always differs from its

model and Justment is required to select a proper model or to

decide whether a useful model is indeed possible. The use of

automatic computation is making it possible to use more compli-

cated models but it should not be assumed without proof that a

more complicated model better represents the physical dey_ce.24
In short, numerical analysis must be used with Judgment.

We cannot really belabor the point that the most important design decision

is the choice of which system to use in order to represent the design

situation:

23Baddour, op. cit., p. 649.

24
Baddour, op. cit., p. 649.



The false assurance which engineers, and more importantly
management, often derive from an overanalyzed problem can
have disastrous results.

Perhaps the most important use of analysis by the designer

comes from his knowledge of general principles, and the form

of mathematical relationships rather than from actual compu-

tation. This knowledge gives limits and direction to the

conceptual process.

It is usually a shock to students entering practice to dis-

cover what a small percentage of the decisions made by a de-
signer are made on the basis of the kind of calculation he

has spent so much time learning in school. 25

Engineering educators might help to minimize "shock" by exploring

the possibilities of using simulation techniques in order to help (or

if not help, then force) students to look at "the whole design system."

Simulation techniques might be profitably used to help practicing en-

gineers as well as students systematically compare the effectiveness

of various analytical techniques in meeting the needs of various kinds

of clients. As the program shows from the very start, our engineer is

certainly synthesizing general design alternatives (like cylinders and

spheres) in order to analyze the requirements of his clients. In future

research, experiments should definitely be run noting the effect of

synthesizing various analytical schemes.

If there is any one moral to a study of this kind, it is this:

One does not really improve the process of design by improving the parts

of a design system at the expense of the whole system. The practice of

engineering design will not be improved by merely improving on the body

of analytical techniques. Realistic improvements in techniques will only

be made by constructing more sophisticated models of the needs of those

who will be using the techniques themselves (i.e., engineers) as well as

those who will be using the end product of the techniques (i.e., the

25Baddour, op. ci___t.,p. 650.
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clients). Ultimately, the product of a design will only be good as the

knowledge we have of the consumer's needs.
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CC_WON IC/ RC,LC,LCR_S,W_LC _A

C[_WCN ISPH/ RS,RSRHS,WFLS MA

CCMMCN ISTIFFI ISTIFF,_STIFF,HSTIPFtF,D,GtK,THK2tV,VINIT Ma

CEM_NIWNOW IWD,THICKW,WNDCST,WNDTIW,SHEETS,RHCTW,_HnWND _A

CCM_nN' /XSPC/ NI,H2,Vl,V2,DELH|,DELH2,DELVI,DELV2,ROXTP,B_XHT, MA

I SPLHT _A
ISTPi CONFG,SHAPE,CCST,TIWF,_&XALT,POh_MPR,DROTTL,NC,DROTLI,MACCM_ON

I D_QTL2,DPCTL3,DROTL4,ERqlAL,D_OI_R,DRO3AL,D_O3AR,RH_TIA,RHQT2A, MA

2 P_CT3A,RFOTIL,RHOTIQ,RHqT3I,RH_T3R,TIMNO,CSTNC MA

3 ,FSKCST,FSKTIM " MA

C[_rN /NPl/ 6T,NTNSTY,ALT_T,ALPH _a

CC_ON /XCT/ INEOC,TNEOS,TII,TIE,T21,T2E,T3I,T3E,RATIO,HTC,HTS, _a

l TICS,T2DS,T3DC,TIIPPM,T21FRM,T31PRM,TIA,T2A,T3A,DELTIA,_ELT2A, _A

CELT3A,T3FX MA

.CCW_CE_ 1.WTLZ_.M_TAL_E, YPSTP S_ S_,C, E l ,RHC, ANEAL, [C R IT _A

CC_WQN /FRP/ FR_CST,FR_TI_,TREXT,TRINT,F_R_ MA

CC_PN /FINAL/ TER_(IO,3I,_!NN' MA

_I_ENSICN BLKCST(?),PCI2),LC(P),LCRHSI2),RSII2),RSPHS(12), MA

] ISTIFFI2),nSTTFF(2),HSTIFFI2),KI_I,VI2),VINIT(2),CONFG(]OO), MA

2 SF_PE(IOC),COST(1CCt,TI_FI|OOI,RCNMBR(IOO),DRETTt(IOOI,NO(IO0), _a

3 _RGTLIIIOCI,DR_TL2(IOOI,DROTL3(IOO),DROT[_(IOe),DROIAL(|OO), MA

_RC]AR(]OO|,_RC3ALIIOOI,DRD3ARIIOO)tRHOTiA|2),RHCT2A|2),nHDT3AI_)--WA

5,_HCTILI2),RNOTIn(2I,RHCT3t|2I,PHQT_RI2I,TIMNO{IOO),CSTNCIIOOI, MA

WT(4),ALFHI?),INECC(2),INEQSI2I,T_II2),TIE(2),T21(2),T2E(2), MA

? T_I(2),T3EI2},RATIOIP),HTCI2I,HTS|2I,T[DSI2),T2DS(2I,T_DC(2), _A

B Y21PRP(2I,T31PRM(2),TIAI2I,TZAI2I,T3AI2),E(3I,YPSTRSI3I,SFI3|, MA

g C(_),FL(_I,_HC(3I,ANEAL(3|,TREXT(2),TRINT(2)_FOR_|2),TIIPR_(2| MA

I ,T3EX(2) ,DELTIA(2 ),DE LT?A (2),DELT3A(2)

CALL INPLT

REWINE 2

I_ KN:O

1(3

TF (DFLLF.GE.O.) _C Tp I0

IF=A_MKLF

_LKCST(|I=IQ.

CE_PUT'F RC'S,LC'S,RS'S AND

_=LCY(_ELR3)

RC(1)=RF+CELRI

DETERMINE

LC(II=LCYIDELRI)

RS(I)=RF+[ELR2

IP (X.LF.O.I GO TO

I_CR_EKT[D CYL

PCI2I=RF+_ELP3

25

MA

MA

MA

_A

_A

MA

EXTENT CF aNaLYSIS MA

MA

MA

Ma

_A

M_

M_

M_
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..... 2_78 MITPErI:- "....... FI.,.BI.G .................
_ATE_ - EFN --

.......... D A T_C....]

- - IFN

C

LC(2)=X M/_

IF (1C(I).CT.RC(])/2.) Gn 1'0 1¢_ ,_

CC=C ................. ,_

15 IF (IC(2).CT.PC(2)/2.) GN "fn _'O _

£r=] M_

cC TC 25 _'I,_

2C CC='_ m_
C:C TO "_5 mA

25 CC:l mA
IF (LC(II.CT._C(I|I2.) GO _0 _,C', MA

S.C=l '_A

cCT n 3_ mA

"_C 5S=2 mA
PS(2I=RF÷CELP3 '4_

T_PFX IS D OSITICK IN F_CTP!JT _RRA¥ ....... '_A

35 /':I T_T=I "_A

WNr_T T_4=O. '_A

IF (CC.C_.r]) CALl. CVt ((C) MA

_L KC £T (2) =0. mA

_'NC_=WNCF X m_

[_,CR=OKCRX _A

wr=c. MA

TI ICw'W=N. M6

_FF:ETS=O. '4A

EF ,'4CJ=I,P MA

K(J)=O '_-A

Ac t_,_cr (j)=c '_A

CALL SPFFRE (SS) '4A

CALL R/_K '4A

CC TFI 5 MA

............ C mA



z.INPUT
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_ __ 2-9-7_-L-_LLI2_OE F -____ .......... D.ATF

I',IpT - F-_N -- SNURCE STATEMENT - - IFN

£UBRn'JT fqF I_!°:IT II

IK!TrGF-_ _ n_P" _, T I_ NO, C Sl f_(I,CONFG II

_ &_I.__N_T.__!5..[Y.,J. [, L BJ_! .P_&.LI.C_Y....................................... I !
C[IH_4nN CqNrI%,bHAP,WORK,W._ICR,F)I_I_qCR,_LKCST,P,P,R,RF,LF,DNCRX, I I

I W'IC_X,nl__'_×, _n,I_A,AB_NLF,DEt RI,OELi_7,n_Lq3,F).F. LLF,DNCR,DELWCR II

cnv,'4]N /C/ _C,IC,L(:_HS,WFLC II

ClF_l_l_ ISPH/ 2S,_SPlIS_WIaLS II

fin',__.q',l/2kZ_!.F_/ I-<!J_FFJ_ES_!_I_E_EsU_T__I-, ELEtGLK LTHK2J VtVI NIT .................If

CO_M:.I'4/W,F)W I_O,THICKW,WNF)CST,WNDTIM,SHEETS,RHCTe,RHIIWND II
Crl_'4(]_J /×£nCl uI,H2,VI,V2,1)ELHI,F_ELH2,DI:LVI,I)ELVP,R{]XTP,la(]XHT, 11

SPLMT II

CNMMON /STRI CNNF[:.,SHAPF,CI3ST,TI_F,MAXALT,RQNMRR,DP, F]TTL,NU,DROTLI,Ii

I _)P[ITI_2,DPOTI 3,OPO_L4,0RF!IAt,nPO]AR,!lRfI3AL,DRCI3AP,RHOTIA,RHOT2A_ II

3 ,=SKCST_rSKTI_ II
CID'H!I',J /_!PT/ 4T,_;TNSTY,ALTNT_AI. PH II

CC_IMqXI I_CTI I_,}F_OC,INEOS,TII,1IF,TZI,T2E,T31,T3F,RhTIq,HTC,HTS, II

I T1nq, l2')S ,TxT)r ,TI I PPM,T2 I PP_I, f31PR_, T] A, T2A, T3A,D_:LT IA ,DELT2A, II

,,,_'_In,,,I*.TI / _r-T',t _ E, YPST!_SLS f-,f._LFLRt_H_NE AL_DC_ IT II

_)I'_\ISI;}q '.q.KCqT(71,_C(21 ,LCI21,L. CRHSIZI,RSII2),RSP, Hg{12) , II

1 I£TI_F( ">1,L'£I I _( _} , HSTIFFI 2 } ,K{ 2) ,V{ 2 I, VI NIT{ 2) ,CLINFG {100 } _ If

2 SNA°E(_.)c),rqsT(I_?(';),TI_'E(IOO),_{qN.'_(IOO),r)ROTTL{IOO) _NOIIO0), IT

nO,_TI_I ( I_;,C),OoCIT{ 2|I001,,1g,{]II -_(I90),;)PHIL4(1.nO),gRF)IAL(IO0), II

.............. _4__ "W .J.], &_ { I Q.7.,_!. ,_nl.Lq.}& t..il _?_n_!_tDRII3 A R ! ] O0 !, RHLIT ] A 12 |, RHOT2A l 2 ), PHOT3A ( 2 ) If
_, °NnTII (2 I, PHqT! _ (21 , _H!]T3L {2) ,R_qT3R 12 I, T I _"n(I()0) ,CSTNO( IO01, It

6 WT(C_ ,ALP!If _ ), I_!FOC( 2 I , INE_OS( 21,TII { ZI ,TIE (21,T71 { 2) ,TZEI2),. I!

7 T_.I(2),T_r(_),:_ATIII(2),HTC(_I,HTSI2I,TII_SI 2) ,T2DSI2I,T3DCI2), II

9 T? IPR_(2) ,T-_IP_'_{ ?l ,TIAI 2) ,T2AI2), T3-_(2) ,E 13 ) ,YPSTRS{ 3), SFI3) _ Ir

'? C( _I ,_L{ R I,"_n( 31 ,A_iEAL| _ I ,T_FX_121, TR INT| 2) ,FO_M( 21 ,T II PRM( 2| II

.! _,T _ c X_.{? ) I !')F.I= _T=___.#_LJ.__)_ T_')_'-r-- LT..?.__..(-2 ) ±DFL T_ A (7 ! .................................... I
IN'a!IT /_N?I I_T!$1. I7_-TII)N II

F!_AS_ QATA II

pF-Ar) l!),]l ,%F,I.F,QL',,3X

',t'q.N-C;]tlKITI",IN _FGIPN r_ATA

1001

C

C EXTr._.IAI SP^C.F DATA

RFA, '-) :l.':)nl,Vl,V_,_l,r_2
C H_T_t "_,r_ -- tL:'.' , FE:P_, hE= _

nq P_ I=I,3

20 PE'aq Igq_,F( I),YoSTP. S( I),_NEALIII,SFIII,CIII.,FLIII,PHO(II

1.0- O-Z_ _. r_]r';_&T...... I _.!.___,___t.E.§.__.. _ ,__._ 72_:3_t F 5.3, F 7. _ I
C 'g-nRM i:)t_JS FXI_C.T llATA

_F-,kF) 1!3C_1 ,_!T',!STV,DCPlT

C !4I qF) iq ,, F) f_T A

RFAQ 1,),.;1 ,;_!l_/r,.!Q

RFAO ].£;_3,IWTI f),l=l,4)

IOC3 FqoM._T { _F]q.4}

It

It

It

It

II

1¢

It

It

I!

It

If

If
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T\DT - F:_:N -- SqURCE Srt, TEMENT - - IFN

/

PRINT ]L nz_,!_,t _,bl R_× It
1004 r-_]P._tkT ( ]H],?]Y,](-HINPUT PAR_,METF-RS/tl]X, I _,

1 6q-_ _ =,F_._I1 X, It

.6yLY .... =,.F__,3/1 x, ................................. Jr

3 _'_")t._..R'_ =,_. _) It
PPINT 1C (!_ _ W_'CRX, DN('RX , _ELNCR, [ P,, I B_ It

lOe5 rfl_'_&T ( IH0_ _W_'IC R =,flc._.'%/1Xt IP

1 _HDN!.C_ =,F°.3/IX, It

? 6!tr)LNCC=,FP. 311Y, It

.................. 3 ._5.__1 _ ...... -_,_c _?, 3 1 I. _, ............................................... It

a_I_!T .laqf,,Hl,_2,Vl,V2 It

1006 _I_pM_T ( ]_Hr,, 6H_1 =,Fa.3/IX, IP
I 6H_' =,_._/I×, It

2 5HV] =,=_. _/i x, It

......... 3 ._.'_'J.V__?..... --, F _ • 3 ) ............................. __IJ
PRINT l_n7 It

1007

3O

............. iD_O__._Pj/k_.tZC_Z_I_]..H

I _7._)

_P,T_T I_og,_'!TNSTY, DCR Il

1009 c-f_P'4_T (!_0, 7_'qTNSTY:_FS.3,11X,IHI)CRIT

P_TNT inlC}, (WT(1),I=I,4),RHLIWN I)

1010 =F]9_hT (Ill.?, 6HWT(1)=,lPEII._-/IX,

], _dT_"')=_lPrr l].4/].Xt
2 5_Wr(7)=,ID=I!.411X,

'_'4'_T(& )=, IPE 1 1.41 1 1 X,

4 5HRfl4N}r)=,OPF_. "t )

_E_!) ICll, (}HnTIAIII,I:I,21,IRHOT3AIII,I=I,Z|

ln].l F{_!_'-i_T {z+pT._)

...._R_I_SLT.._!?, ( _H!]T IA( I i• I=I. 21 • ( RHIIT_A| I! • I=I ,2 )

1012 _(l.'.,_,_TIIHO,!'_R,AQ_tITIALIPRIML_| = F7.31

I IX, I_H_-_.HOTIARIPRIMRT) : _7._I

2 ]X,IqaRHCI3AL (SECOLFI = FT.3/

3 IX, i R_P_OT3_R ( SFCORT I = F/. 3l
PRINT I C_I

_913 _']°_.%T (!Wl_ 5C_H N{). CON_IG PRIM-I

! /15X,_THT!nS(I) TIOS(2I T_DC(I)

2 3X, _:4]. non TII)SII) flr)S(1)

3 _L'VNC4 = W'4CP - FLG WI0[!

4 "_Y,, ._a,_p ncFn TIDS(II TIFIS(I)
5 V_Lr_'C _' = DNCRX - 2. X P,&DItJS II

6 3X ,.. 9v___ F)_ F ,_ TIF)S( i ) THICKW

7 nVLR3 = ?.IN. _R {gNCRXI2. - pp) l/

11 X, 36HS T A N F) a R

Q/_I)T!JS , cf]q CONFIG nco -- ETC. l
! _X, ,+o_. nCFgn TIOS(I) TIDS(2)

2 _ZX,30H')FLT:_A = T3ALLW- T39C -- ETC.

____3__1X__ -}_uS n.Fn TIOS(I) TInS(I)

Fq#_,_AT (IH0, 5Hr'_PTAL,IOX,IHF,IIX,6HYPSTP, S,RX,6HANNEAL,'/X,2HSF,C_X,111

INC,OY,?HEI-,_-Y,3u_HO/!) IP

nrl _0 l=],_ It
nq[_T I'_I_,A!_PH(TI,E|I),YP_I-tS| [),_.NEALII },SFII),C(.I),EL( I),RHOII)It

.h"i_,__.,_4_4¥ •iP_3 i _]._._.__,2X±p_R E 7, Z, 2.X.-LIp-£.lS)_,._Lt2 X, 0 PF 6L3,3X •

=,PS. 3)

PRIM-2 SECF)-I

T_DC(2I Ill

T3OC(I) TBDC(i)

I3DC( iI T2F)S(I)

T}DC{ l) 0,

D, 15X,44HDE[ Vl

T31")C(I) T30C(2)

!

T2DS(1) TEDS(1)

If

It

It

I!

It

I!

It

It

II
It

II
If
II

II
It
It

SECD-2I/

II

It
II
I1

Vl - Rll

If

II
II
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T_%iOT - FI:_,I - -

.................. I::EA-T-E....
SF)LIRCE ST,a, TEM.FNT - - IFN

4- VINTT = EYL LFNC, TH I (2. X RAr)IUS) II
5 3X, _!q5 n_W TIDSII) THICKW

6 VFIN&L = VINIT ! STIFF //

7 3X_, qPHT_ wr:-wCYl THI('KW THICK_ ......

r)IF_ = (0 + 9EL_,!CR! - RADIUS 1 2./1

9 BX, 50u'_ SPHF:_E TIDS(I) llqS(Ii

PRINT In!4-

1014 FF)PMAT (IH ,
I ")Y,]2i '__-')S_S TIDSI I) TIDSI i}

It
I2F)S( I} O, II

Ir

_ 0........... _ ............... I!

Ir

ZDS( i) TZnS( i) /IT [{

2r)Si I} TZr)S| 1) II

............ _._.__D_?,_,!]]-_L1_- _zLI-_LLI_X_ _ £g!_LI_tAL__-__/ULI.1L_-_FIEg._IA_L).----.J_EF"E_--PRJM-1 ti I!

32_(, 47HI;_ SFW FIDSII) THICKa T2DSll) O./ 61X, 63H11

4 _)_OTL2 = _,.,'T(P_!X (RHOTIAR - RNOTIR = DRF]IAR| -- RI(;HT-PRIM-2/ I!

52X, 5]HII SFS]I TIOS(I| TIDS(Z_ T2_S{I) T2I)S(2| II I{

62X,I?_H]Z RFSI2 FIDSIll TlqS|2) TZDSll) TZr)S( 2| It

I _)_qIL_ = WT(_) X (RHOTSAL - PHF)T'_L = DROBAL) -- LEFT--SFCD-I// If

S2X 47HI __H_] IHICKw l_ .... _ .... ____Oj__Z__6_I X 63 HI!

9 !]FQTI4 = _TI4) X (RHOTBAR - RHtIT_R = ORE]BAR) -- RIGHT-SF-CD-2 I It

IISY,4HLFFI ,__X,_H'_IGHT, 5X,4HLEFT,.",_,5HRIGrT I/ 61×, 66Hit

2 _qTTI = _)P:]TLI + DRqTL2 + ORnTI 3 + I)RUTL4 , RHO-T RANK QUANTITYIf

3/I/ ,62X,,'_HFPq _CH ORO]AL,O_nl_R,OR_]BA1,.r)Rf]BAR,THAT IS POSITIVE,It

A TN_ q_,, I_o II 5_X,36HINFREASFS RY '[' lip TF] A MAX OF '4s,| I_

............... DF] 40 L--l_,lnn

ODMqR!I.)=O

ORf-_TTL ( L l-n

Nq{ I_)=3

TIMF(L )=n.

C!_STIL )=c',.

D_,nT_!_LI_(L }=0.

r}pFjT|.p( L !=n.

r)pqTL._ | L )=n.

r),R_]TL4 {L I =0.

TTMNCI(L 1=C

C <_T:'bl ( L I=:_

c_._ LL___C_____

ORql_Llt.|=O,

Om]IAR {L )=P,

nRO_AR(I_)=O.

DRnB_L(! )=.':..
R I-II'?T]L |I.)=O.

1I

Ir
It

I[

I[

II'

Ir

It

Ir

It

IF

If,

40 RHDTRR(LI =n.

r)o _-5 l=1,7

_5 _LKCST|L)=O.

L IN_:S=I_O

TNICKW=C'.

W r)-."),.

SHCETS=C.

r')k! _!=n. _:q_

_EI.r_2--SOD, TI_'F_,_RF÷ll FI2.}_IL_I2°))-PF

-v-_'_L _=_i4P.I_I = 4-0,50

It'

It'

IB

I_,

IT',
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?$7S "_IT'{FIF_ - OF:PUG

IrqPT - PFN -- - squR C I-:S IATF:ME NT

DEtLP=I F-A_MNL

IF (_n.C;l-.2.) nn TO 100

FLASK nI&',_ LE " INCHES

F SKCC, T=Or)n.

I00

I05

lOOe

_I} TEl Ir'5

FEKCST=AINT(867. 17+_3.33_FI

FSKTI"4=q. I*cRKCST

PRINT ]C ()C , "__ _I_LF, OELL F, F SKCST t FSK T I"I

F q_. :,__'r (IH} ,1 _y, 14_COMNtON nUTPUFII4tHA_'INLF

IK CnST FLt_SK TI_'_I 6H IIN.I,_X,

?F _. 3.,R:_,,F _. -_,_.X, FC. i , 6X _F6. I !

R pT! jo,,,!

FNq

t t:-ABMINLF

6HI IN. I tFIX_,_HI $ ),8X,6HI HRS. )II

II_

It'

It'

II_

If'

_LASIt'

It'

II'



CYL 2.9
2_j_L_._L..__...LTR_InP_F._- O--_etJG ............................................ _.__D_TT___

_YLA - FFN - Sf_IIRCE STAT_N_FNT - - _FN

F_IIRR..PHITTr:F CYI (CC) r

f I_T E&- R C nruF T _, SHAP,WORK,CC, TcPM,_ ITNT [

..................... PFAL LF,IC,ICRqS,IB_,TFA,LCY ...............................................

CI'nMMgN ,".(NFTC,SHAP,W.'IPK,WNCR,OELNCP,_tKC£T,P,(_,R,RF,LF,DNCRX, (

1 w_.IC_,x,r)l R_X,IB,TB_,_.BMNLP,nl;LRI,").EIP'_,_ITLR_,PFLLP,I')N_R,DELWCP C

2 ,nLnNCq.l TN S (

CqMi'4[_N /C./ RC,I C,I CR_S,W=LC [

CqMMr_I IqP-I PS,PSPHS, W'FI_S ("

. £F'I_MqN /STIFF/ ISTTFF,F_STIFI:,HSTTI:F,c,f),_,K,'rLIK2,V,V!NIT ("

C,rl_'X!l Wt.JinI_ l!4q, TH TCK_, w_Ir)c ST, wNr)T I _!, SH=PTS, F HnTW ,PFIF_N r) I'

CInMMnN /X_DC./ H1 ,_p,V1 ,V_,DEI 41 ,DELH?,D_LVI,r_ELV2 ,PDXTP,Rr_XHT, I"

1 .c,PL _T C

crm_n_ /s_p! CFINPr_,S_PB,CCST,TI._F,_AXALT,P?_IM_._,qRO_TL,NO,O_qTLI,(

1 DRrITL2,I)PFTI 3,_m"LG.,r_RrlI_-L,DFOI-A.P,DRq3AL,DPC_SAR,F-ImTIA,'_OT2^, C

............... _?_.R_O T'},# ,_ _PTI L, RH('?T IP, RHnT!t, P HnT _E,..T I..MN.O:C.__I'__.'._C ......................

,FSKCST, FSKTTM ("

C.CIMM'_N /_',_PTI WT,NT'_ISTY,AI TI_,T,_,I_PN r

CP_4M"]_} tXCT/ TNEOC,TI_!F-OS,T]I,TIF,T2T,TZE,T_I,T_,E,Pt.TI_'],HTC,NTS, C

] TI OS, TP_S,T'_ r)C, TI TP-R M, T2I PP"I, T3 TPP M, TI A, T?A, T3_-, F)ELT I A, O'-'LI'_A, r

2 r).EL'r'_, T _PX ("

................ cnl_'_nN /,t_T_/ '_FTAL,I:,YmSTP._,Sc,C,FL,pHrI,ANEAI ,DCRTT (

CP'_Mq\! /FPMI P_MCST,FF I_,TTM,TPEXT,TpTNT,FCPM (

COMMP'_ IPT'_!AI I TFP,_4(IC,3),I_'N_! f

r)l_'Em_KTn_.,' Pl _CSTI7),DC |2),LC (21,LCR_SIZ),PSI12),RS_HSII2), r

] T_TTF F( ? ), RgTIFr ( 2), _STTPF(2I ,K (?) ,V(21 ,VINTT (2) ,CO_'J!_';(InO), (

? SijAc, F ( 1 (-_p), r ingT ( 1C,O), TI ,,4F_i _0 ), p pH,,!Bp (IF-) ), DI_ OTTL (1Or) ), NO( 1_OF) ), c

.......... _ o_r_T_](]_col•D_P_T_L?(!__o___oL,[E.9_TL3.!I.gn),F)..Q]..TL_4.(1__0), C_RP, IAL(IC_O), (

4 rlpol AP,,( 1 c_nl , r_PO _,_L ( ICC) I ,nP_3AP { l_Ol ,P_")TI A(? I ,PrinT2&( ?_1 , oH.'3T3A ( 21(

5,RI-|qTII (;)I,PF_OTIRI2),PH_T31_(_I,PNnT'BP(;_I,TIM',I_(IOOI,CSTNO(I"),")), (

6 WTIZ, I,AI P_(_),TNEqC(2|,TN_C)S(2),TII(2),T]F:(2|,T2I|:?),T2F(21, (

7 T':'_TI 2 1, T3F ( ? I • P '%T T_{ 2 I,H'T£ ( 2 I ,HTS ( 71 ,TIDS (21, T2DS(21 ,T3DC( 2|, (

£ TPTP_.m(;)-l,T)TPR_I2),TIAlPl,T2A(ZI,TSA(2),F_(3),YPSTRS(,'}I,SF(S|, [..................... g..._£{ _ }, FLJ _.).,F L'l_rl(._I, A_'!FA L( 3 ), T R F XT ( 21, TR I I_IT( 21, FC_ m( 2 ) TIT_PM(2} C

l ,T3FX(2) ,nEl TIA(2I,'_FtT2A(?} ,I_ELTSA(?) (

n_ IPO SP_P=I,CC (

BIVC_Tf?)=O. £

_PRK=SMA_ (

C I"_,'!=t _ = 1 C

TMTCKW=O.

SHEPTS=O.

WNr)C%T=O.

WNDTIM=O.

_hJC R :") NC I_ × (

WHC R=WNC r x (

rEI RS=F)I_F)3X f

r_LF, NCP =D_,'CP X- ?._R'I ( SP_ P | [

C WF! _F] ICY ARE =HPCTIO_'S (

WPl C=RFI (PC.(gblAP)) [

CEI WCR=WNCR-_;Pl C (

IF ('PI_WCr_.C_F,O,) _0 Tn I_ (
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280

DATE
S_URCE STATEMENT

WNCR IS [FSS THaN WFLC
WNCR=WFIC

RIFCgTIPI=_I KCST(2)÷IO.

CAIl FI!RRF;UTI_FS FPR mnESPNT Cn_!PIG
15 CAI I '_ONTI_R

Tp ( (AINTIF)NCR_]O00.,,-0.SII .LT. IAII'ITI2OOO.,_RCISHA_') I ))

Tn'CPEt,'_FNT IF _P,c,SII_LE
r}[:-L P 3 =F)I_C P I :).-R

S_VF ,_!FN TNCR_FNT

If: (IKYI,OFLR_).LE.O.) f';ClTp 17

GO "rf'_

InN

2O

C

AT)") 2 TF-,SHAP TR r_FFINF MF---THClP,
wr)PK=SHAP+2

IP',!CPEASF cC TO PNCR/2

R£ (SI-4Ap) =r)Ncp/2.

IC{SHAPI=ICYI r)ELR31

C,(nTn IQ

or:- RE_C-IINC_ TNCR C

C

C

C

C

C
I 7 NNN-.-D'%IDJ.I-1

TFPMINNN. I )=4

TFP M( NI',!N,,2 )=AI: TIkJT

TF#M(NNN, 3)=WqRK
_P Tq 1 RO

19 WFI C---WFL(PC(£N,&P) )

WFI C WIll .BE r)T_=Ft:FNT IN r,FNF_AL -- R,?,

F_FIWCq=WNC_-l,,Crl C

PF-FFIR u' !4NCR CHFCK 6GATk, IJSIN_ _','EWWFLC
IF (n-"clWCP.C,F.h.) nO TN PC,.

F)FI WCQ=O.

•J_I_r tS I FSS THAN WFLC

WAS CHANG_O C

C

C

C

2O

WNCR ='4FL C

BIKCSTI2)=,RI KCST(2)+IO.

P=IWt'!.gR-ICISNAP) 1/2.

O=-P

P=(I _-I C(,gH,&r_))/?.

I_ (Dr--INCR.I T.I(WNCR÷I C(SH,SP) )/_..C))_O Tin 6-0-

CYL f,g OLJTSTDE
[ C (SNAP) =DFI I',!C_+O

IF (ICISNAP).LE.I_r, ISNAP)/2.)) P,n TO
SET CF:NFIr; T_ DCFn - "_

C C)I_,_I:::TG=?

DI_ P.NC_=DI_CRX-P.'_RC ( fi_AP I

ISO

3O CALL M l'nNT nR

IF IIR.C,T.IR_} r,O _rq IQO

CAI..I. W INI')FWf _'C( SH/_ o1 )

BI=DFI NC_-( (V_NCR+I r)12.)

IF {(I4FLC+R] )°qF.Wr)) _FI 'rn 3R

WFI. C=R 1 ÷Wtn

"_7

PI KCST I2 I =RI KCST( 2)÷10.
IF (WFIC.LF.WNCR) CO TO _Q
I_N N= N"J tH+1

TFRM(NI_'N.I)=5

TFPM(h!NN,P)=hl TNT

"rFPMINNN,_)=WFIRK



2P.'TB _,TTEC_ - DEBI!G

SMF_TS=O.
THTCKW=O.
WD=O.
WN_CST=_.

SOURCE STATEMENT

28:].

b TAZJE__
Tr:N

WNDTTM=9.

_O Tn 1t_0
"_R CInPF lq=S

C CHANCRE CnNFTG T_ nCFW - S
£AI I MI'}NTPP

c_n TF lR(.'
z_O IF (rrlNCR.qT.O} c,U Tin Tn

C CYI IS IMK Tr)E

IF {I)FI NCF:.P_F.OI Gn TIn _5

C EePnR IN r_Rn_PAM LOGIC
NNN=NNN+ I

TFPMfNNN, 1)=6

TFPMIKIIVN,2)=_I TNT

TFRMINMN,3I=WnPK

C-(] TP 1RC

45 roNgTG=5

CYL C{nMPlFTFIY INSIDE NCP

CAlL '_InNTnl_

IF ( TR.C_T.TFU _ ) C,Q Tq ]RO

CAIL WINrmW(Pc(SHA_)) )

TF ( (_+Wrh).C_T.(D-F_cl MC_P| ) C_CITfl _,5

IF ((R+WP).GT.(P+nFLXICP)) cO TO 60

CONF !c,=7

WFLC=I C(SHAP}÷T)._lq÷wc))

DEL WCR =W_IF_'-WFI C
CAII _ONTnP

cn T n 1 F_O
_P NNP=_'NN+ 1

TFPM(Nh!N, ] l=7

TFPMIMNN, 2)=_I TKIT

£

C

C

C

C

£

T r:_M( NNN, 3 )=_'QRK

T"r_OSCTRLF TO u_VE WFr) - SHCIJIn HAVE _FFN PEVF_SEn

0_£ Tn I 80
6_ IF ((R+W'h).qT.(P+nFL_HCC_)) Of] TI3 6?

CCNFI_=6

WFEC=I C(SHAP)+B÷wn

DEI WC_ =WNC°-I,_F:LC

C

C

C

C

_P TP 69

67 NNN=IVh!N+ 1
TlzP'4{HNN, 1 )=P

TF_MIN_tN, 21=_I TNT

T_R _1( NINN, _) =_!OP K

C

C

C

C

C
C_P TP l R("

_0 CAll MONTF_P

C,P T_ ] F}C
70 HAl F=RFI_H/_BI/'_.

IF lOFt NCR-O) 75,R5,_0

7_ CCItt=T";=_

C

C
C
C
C

C
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2878 MTT_r_F - r):-R!l¢, DATE
?.YLA - _FN -- SF]_JRCF ST_TFMFI_]+-- ...... - - T_N

I CPHS(SH#o)=O-OFt _'C#

LC(SHAP)=O+qEI HCR

IF ((I C(SHAD).I E.N^,LF).OR.(LC_H_fSNAO).LF.HAIF) ) GC_ Tq
CALL MnNTDR

C.Fl TO I RO
RO NNN=NNN.I- ]

TFRM(_NN, 1 )=q
TFPM('_'NN,P)=AI TNT
TFP M f NNN, "_) =WnRK

C,n To ) AC,
82 Nf'!lk:: _!_.'N+ ]

TFP. M( NLIN, ) ):I 0
TFRM(_NN, 2)=/_1TNT
TFPMfNNN, 3)=WqRK

c_r_ TO ]RC.
R5 IF (P.C_.O) GO Tq R2

C
C

_n C
C

C
C

C
C
C
C
C
C
C
C

C
qC X=WFIC

J=l

I_ (X.qT.(WNSP-fP_F:ELNCP))) r,.p Tn 143
l C( £HAPI =O+nFl NCP
WFI C.=WNCR-P-r_Et M£_

C WEIC NC.W _T T _ A'_F'IJNT rYl IS TN£lr_ _ _C_

IF (LC(SHhP).GT. _I._) GO Tn 104

C X f£ nPTF;TNAI. FtAPqKE wIr_Tq
C Y=LC-RC/? - NSI c=P£42
C ,l=],4 nVF_4ANC,=O, , J=2,3 cr']P r.VFRHAN.", _,T 0

Y=WFI C-H?I F+t C(SHAP}

C C_ECK TR SE E IF AV/_Tl_ I FN';TH IS S'IF¢ICIENT
IF {×.L#,-Y}-E-_- Tq 95

IF (Y.C,T.(WNCq-HAI _-LC(£HAP})) r,Q T_ 190

C r)VPF:HAK:q IS OK - nC'ES _'DT STICK ,]t!T 0 _ RFI_
,l=P

WFI C=X

c_n Tn 100

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C
95 WFI C=Y

100 1C(SNAPI=H_I c

104 CONFT3=2

PEt W£,_=WNC_-WFI C

105 CALl MgNTOP

IF (T_.C,T.T_/_) GP TQ 1_0

R =P,C (£_AP )

CALL WINr)F'w{P I

GO Tn (IlO,I?5.1R_,ITC),J

11 5 WFI C=WFI. C+_+W")
120 CF_N_ f S:B

CAt l_ _PNTnP,

C-,P Tr IRO

C SFT CPh_FfG T3 qCFW - 3

C CHPCK rVECHANG _GATNST R÷wr)

]25 IF {(Y+HAI. F-WNCR÷2.*P).C,F.(I_+wn)) CQ TC 120

C F1V_RN6_-!q T.£ LFSS THAN P+Wn
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CYI__ - CF'_l - - (,P!.JRC c STATEMENT - - IrN

C_n T m ] I C, C

C, FI &Nr, F IS I ARqFq TH/_N I FNqTN pr CYL I _ S_:P'r_-D C

140 IF ( I"]÷D_I IYCP ).r,T.HAL F) '_(} T_ 145 C

C ..... l_C=O÷nEI I'C) LT _,rlF_ - N_T _K C

IC (',C,.C,T. (WNCI_-[4kt_-P+PELI','CRi) C_C"'rq t_-_') ...............

C NVFRI4AN'_ IF> LFSS THAI'' PimEtNC.P-OK r

I C(%;tJhOi=H"_l _ C

J=_ £

7=O+nE| NFP C

................. _E_T_'-' _!.r).z, ........................................................ __c
1 45 .l=z_ , C

I C(SH/_,D) =O÷DFt NCR C

C W¢IC IS STILL THT/_FT AT q:_t_f_!:_l V&LIJF C

?-q T'* lfl& C

155 IF ((X+H_IF-WNCP÷2.,I,I) IoGE.{_,÷WI'))) C,q Tr-) ]60 C

C LF I_F_N£ WE NEED umpc PFr3_4 C

IF (fR+WO).qT.(p÷r)r-L\tf'{_)) CF] Tf _ 1£0 C

£ LF _F_N£ ROOM I£ _VATL C

WFI C=R÷W_+WNCR-_4AI r÷2.#O+DFI '_!CP C

160 £nh_F Iq =_ c

PFl WC °=W_'(r-W_:I C C

........ r_,l I. '_oNTQ_ ............................................ j...................................... !
i'_ T r_ 1 9f C

C .1=4 C^_F FQI I qW£ C

1"_0 IF: (.{Y-WI'!Cr+p+r)E[_',C_) .C_:° (P+_4D)) qP TF_ I_(') C

C N'-:-?') ,',_PPF RF'IN_ C

II: (.(-%+WF) I.C_T.{p+OF-L_rP)) CO TF_ loC ' C

WFI C =-]+W n +WNC P .-P- D ._:l_\fC P C

C-F_ Tm ] 6C C

1F_O £PI, T INIII:: C

I: t::TII_ _J C

F t_'r_ C
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_!NT_ - F_J - - Sn_ KCP STATEMENT - - [FN

s_lr_ R"_U T I n!p m!" NT F]R M_

C T_I g %T_r_'OUTI_JF C_L[S THE VARIq(IS ANALYSIS S!IF_UUTINFS AS M_
: ........... C ...... _%EE DE 2 ............................... '4 t'

[NT_SFP C n_F [ C.- _I,_

C (]M_nN CLINF I_T_ SH,_P _qPK _W'NCR _!)_t.'IC__,F_LKCST, P_ (._,B,_RF _L F _DNCRX _ ,M_

] WhC_ Y, -)LP_(, IP, I,r'A, A!_'4NEF, Dct R I, nFLR?, nF LR 3t DFLL F, r)NCR, ,.n,El WCR M_

P , nL n:_l(_ L INrT E Mh

F'F"._W]_I ICI _,C,[C,I C_:HS,WFLC M_

CE_VL]\! ISP_HI _-.LP, __S.._-_L..__ ........................................... M__

C']MMI_P,._ISTICFI I_TIFF_STIFF_I,STIFF_H,_)_r;_K_TF_K2_V,VINIT Mh

C_'_q_#tNNO'. " IWn,THICK_,WNDCSI ,WNnTIH, SH_E TS _RHOTW_RHOWND MB

CD_g'_'_ IXS(_C/ _I,HZ,V] ,VP_DELHI_DELH?,DELVI,DEt V2,RF)×TP_BOXHT_, MD

1 SDLHT MB

CB'_un_l IgT_l CnNFG,SHAPF_CP, gT_TIMF_ _AXALT,RCNMBR,DnF)TTL_NO_DRI]TL1,M_

2 RHn,T_,A,RM_I!L_R_DT]R_RH[IT3L_r-PHOI3R,I I_N_I,CSTNF] M_

,_:S_CST, FSKTIM MI_

. CO"_M'_N /NPT/ _T,NTI_STY,ALT_)T,_L p_ MI_
C!l'_i,"! Ivr£1 INFnC,I'!EUS,TII,TIF,TZI,IZE,I31,T_,RATIO,HTC,HTS, Mh

I TInS,T21)S,T_r._TI IPc'.'4_TzIPPM,I?I{)_M,TIA_T2A,13A,_FLTIA_DEITPA, M_

C C_"__ r__ I _T I.I 4FT_t,I--,YPSTRS'SF_(:'FL':'HH_'JEM 'PCRIT MI_

Cn'-_'.lq_ IFP_:!I FD"C_I _FF:MTIM_T_FXT,TRIr.!T,Fr ':,_'_ MB

r_l_E'_!gln;'_ :q KCSTI71,_CI21,LEI2),LCRHSI2},RSI]21,_SRHSI12), '_h

I ICT!_F(TI,nSTICF(2I_HSI'IFFI2|_wCI _I,VI21_VINI'_(ZI_CONFG(IOOI, Mh

2 S_,_P_I]?_'I,C!_STIIC, CI,TI_*EIIO:,).-'n.Nm4RIIOOI,,qRnTTIIlO0} ,_D(IC01_ m_,
__ ]pqtLll l.e,])_)_?zt Z_LI__O___L)EfiTI 3( lqplj_:)_ot L(.! 1EOI_Qg(__IAAL(_lO__O01 L_ m____
_+ pmO I_m ( 1"n I ,F)pr]XAL lI (?O1 ,IIRC3.'_RI ]OO I, RHOT Ih (P ) _RH{]T2A |2 )_ RHOT3A ( 2 )'Ah

6 WII41,AI ')HIgI,I_[DCI2I_INE(_SI2_I,TI[(ZI_T]FI21_T2II2I_T2E|2)_ Mh
7 T'_I (? ) , T3_( _ I ,R._T In( 2 I ,HTr l__I ,HTS121 ,I IDSI 21 ,TZDSI 21 _T3DCI 21_ M_

TZI DD'_I ">) ,T-_IP:_ml 2) ,T IA( 21 _1 2A I 2 ), T'_I 21 ,E 13 I _YPSTRS 13 ) _,SF 13) _ M_

9 C_( 31 ,El.( ?L,'_HCLZ!_Ari_AL(_I _ TP.[-X I_.)_.L_TB I _"T I. 2ijFOI_MI 2) , T II DR_M(__I_.) M_
} _T"CXI21,,_FI I]AIZI_')Et. TZAI21 _I_ELT3A(2) Mh

IF

Chl L XS'>ACr

__ F _lrTAL=Mi:TAt +1............ :........ : ..L-'_ ........

C _7-SFT

RLKCST ( _ ) =0.

C acgkT _TI_,,!r:-_ V_PlAHLES

r,n ]5 I=] ,?

........................... v I ,_-!!_T_LI_)--_.._ ..................
',1( I I =0.
ISTI_:mIII=O.

HSTI_F( 11=0.

_LKCST( 7 )=O.

rAL t CFIC,_S
................................ :.: _.. ,-- ,

(Cf]t_FIf:.E).I_.CR,.C_JNFIG. E').?I Oil Tn ?ff M_

M_

M_

Mh
m_

Mh

MK

MK
M_

MK

Mk

MN

mN
ME

ME
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"41"_T_A - _-F_j -. -
............. {_ATE 1

_K.QIJIRCF sT_TEMFNT - - IFN

CALL r_'Ar T MN
_0 I_ (',_CTAI .I_T._} :-_nTr! 5

G_T] Tn _r, M_

-- ........ 2=, !h_F!ZS_(.I}-r, ......... MIX

_T I_ =r_.

Ca, l L STn-_F MN

FINF) Mr,
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2878 MITROFF - 9122166 DATE 0
X_C'A - EFN - - SOURCE STATEMENt' - - IFN

SUBROUTINE XSPACE XS

REAL LC_L XS

INTEGER CONFIGtSHAPpWORK_BDXTP XS

_TI3_qqTI'_--CDNFIG,SHAP,WORK_WNCR,DELNCR_BLKCSTtP_Q'tB,RF,LF,DNCRX, XS
I WNCRXtDLR3X,IB,IBAtABMNLF_DELRI,DELRZ_DELR3_DELLFtDNCR_DELWCR XS

2 ,DL_NCR_LINES XS

COMMON /CI RC,LC,LCRHStWFLC XS

CCMMQN ISPH/ RS,RSRHStWFLS XS

CQMMON /STIFF/ ISTIFF_BSIIFFtHSTIFF_F_DtG_KvTHK2_V_VINIT XS

T:-rT_F]qt31_7-W-IRTI3T_I---F_TI)vTHICKWtWNDCSItWNDTIM_SHEErS_RHDTWtRHOWND XS

COMMON /XSPC/ HItH2tVItV2_DELHItDELH2tDELVI_DELV2_BOXTPtBOXHTt XS

I SPLHT XS

COMMON ISTRI CONFGtSHAPE_CBST_TIMEvM&XALTtRONMBR,DR_TTLtNO_DROTLI_XS

[ DROTL2,DROTL3tOR3TL49DROIAL,DROIARtDRO3AL_DRO3AR,RHOTLA_RHOT2A_ XS

2 RHOT3A_RHOT]L_RHOTIR_RHOT3L_RHOT3R_TIMNO_CSTNO

3_--_-F'_3_-_S'T,FSKTIM

XS

X--_

COMMON /NPTI WT,NTNSTY,ALTNT,ALPH XS

COMMON IXCT/ INEQC,INEQS_TII_TLE,TZI,TZE_T3I,T3E,RATIO_HTC,HTS_ XS

TIDS,T2DS,T30C,TIIPRM_T21PRM_T31PRM,TtA_T2A, T3A,DELTIA,DELT2A, XS

2 DELT3A,T3EX XS

COMMON /MTL/ METAL_E_YPSIRS,SF_C_EL_RNO_ANEAL_DCRIT XS

_MQN 71_RMCSI_FRMTLM,TREXT_TRINT_FDRM X_

OIMENSI]N RLKCST(I),RC|2I,LC(2|_LCRHS(2)_RS(12)_RSRHS(I2|, XS

i ISTI_FI2),BSTIFFI21_HSTIFF(ZI,KI21_V(21_VINITI2),CONFG|IO01_ XS

2 SHAPE{IOO),COST(IOO),TIME{IOOI_RONMBR(IOOI_DR_TTL|LOO),NO(IO0)_ XS

3 O'_OTL1(IOOI,DROTL2(100|_DR_IL3(IOOI,DROTLk(IOO)_DROIAL(IO0)_ XS

4 DROIAR(tOO),DRO3AL(IOO),DRO3AR(IOO)_RHOTIA(2|,RHOT2AIZ)_RHOT3A(2IXS

" ---5"-_]T-_-OT-I_X-_'F_3Tq-OTIRI2I,RHOT3LI2I,RHOT3R(2),TIMNOIIOOI_CSTNO-IIO0),

6 WTIkI,ALPHI31,INEQCI2I,INEOSI21,TIII21,TIEI21,T2I(21,I2EI2I_

? T3II2I,T3E(2I,R_TIOI2I,HTCIZI,HTSI21,TLDS(2I,T2DSI2I,TBDC(2I_

8 T/IPRM(2)_T31PRM(21_TIA(2)_T2A(21_T3A(2|,E(3)_YPSTRS(})_SF(31,

g C|3),ELI3)_RHTI{3),ANEALI3|_IREXT|2),TRINT|2)_FDRM(2)_TIIPRMI2)

I _T3EX(2I,DELTIA(2|_DELT2A|2I_DELT_A(21

[_C[-TrF (IO,IO,IO,lO,2_,20,25,3O,3b,35,35_3-_Y_-_CU--O-N_FG .........

C CONFGI 2 _ _ 5 6 7 8 9 IO tl 12 13

I0 DEI_HI=HI-DELNCa-LC|SHAP}/2.-RC{SHAP)

C WRITE LATER

15 IFIOELHI.LT.9..) _LKCST(_)=]O.

GO TO 50
-'70--DE[H]=HI--_CISHAPI-DELNCR-WFLC/2o

GO T(] 15

25 OELHI:HI-DELNCR-WFLC/2.

GO TO 50

30 DELHI=H1-RS(WORK)-DELNCR
GO TO 15

...... _J-_-TF (_QRK,GT,4) GO TO' 40
IF {DELNCR.GF. IWNCRI2.1| GO [0 _0

OEtHI=HI-RS(WQRK)-DELNCR-WFLSI2.
GO T_ 15

40 DELHI:HI-RSIWORK)-WNCR/2.

GO Tq 15

XS

XS

XS

XS

XS

XS

XS
XS
XS
XS
XS

XS
XS

XS

XS

XS

XS

XS

XS

XS

XS

XS

XS
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45
50

C

55
60

65

73

75

80

B5

90

95

C
i00

I05

IiO

I15
C

- 120

125

130

140

145
C

28v8 :'41TROFF - Q/22166
XSPCA - L_N - - SOURC_ S_At_-_r--QY .... - -

DATE 0
IFN

OELHI =H I-DNCR-WFL S/2.
GO TO (55,65,75,Q5,_5,90,qO,IOO,IOD,IIS,IIO,IBO,125),CONFIG

C;INFGI 2 3 4 5 6 7 8 9 I0 II 12 13
OELH2=H2+OEI_NCP-IC| SHAPII2,-RCISHAP)
IF (q)_LH2.LI.O.I B[K-C_S_.K-K_.ST(4)+I0, .....

GO TO 135
IF I(RCISHAP)/2.).GT.|Q÷DEENCR|I GO TO 70
OEI_H')=H2-WFLC-R[ (SHAP )+WNCR/2.
GO TO 60
_ELH2=H?-I_CIS_& C))-W,_jCRII2.+_÷DELNCR-WFLC-RCISHAP|

GO T[) _o
IF ((_C(SHAP)/2.).GT. IQ÷DELNCR|) GU I"0 80
OEL H2 :N2-WPL C+WNrR 12.
Gn TO 60
DELH2=H2-WFLC+O+f}EtNCR-|RCISHAP)-WNCR)/2.

GO T_I 60
OELHP:_P-WFLC/-2. +P,ELNRSIT:-RCTSN-I_I ..............
GIJ T_) 1 35
DEI H?=H2-WFLC/2. +OELNCR
GII Trl I_5
-)[(H2=H2- PC(SHAPI-Q÷DEENCR-WFLC/2.

GO Tn _0
SPHERES FqLtOW ......................

nFL H2 =H2+OEI.NCR-RS ! WP,RK )
GO TO _O
IF (I_6[NCR.GE.(WNCRI2.t| GU fl) 110
RSRHSI _._F)RK)=RSIWORK|
OEL H2=H2-WFL S12. +DELNCR-R SRHS lWORK I
GO TO 60
DEL HZ=H2-WFL S +_'NCP/2.-RSRHS I WORK!
GO TO &o
IF (W]_K.GT.4) GO TO 120

N_I SHIFT

Gq Tq 125
Obl H2=H2:I WNCR/2.-WELS .............................

GO TQ 125
DE[H2=H2-WFLS/2.+DE[NCR
GO Trl &O
OEI N'_=H2-WNCR/2.-RSRHSIWORK)
GO Tc) 60

CHECK VI &NO V2.....

IF Icr)NFIG.FO.R) OIJ TO 160
IF ICC1NFIG.GT.II C,(I TO 14b
OEL Vl =V I-RC ISNAP I
OEL V2=VT-RC ISHAP )

G{) TEl 16El
OELVI =V I-RS (Wn_k ]-
OEI VC'=V_-RS(WOPK|
C"_,o TO 16s

IF (CF)NFIG.GT.,_I GO lO 155
CYL ANALYSIS

BOYHT=2. R*RC (SHAP|

XS
XS
XS

xS
XS
XS
XS

XS
XS
XS

XS
XS
XS
XS
XS
XS

XS
XS
XS
xS

XS
XS
XS
XS

XS
XS
XS

XS
XS
XS
XS
XS

XS
,XS
XS
XS
XS

XS
XS
XS

.............X_

XS
XS
XS

XS
XS

XS

XS
XS
XS

XS
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150 SPLHT=BOXHT÷4.
GO TO 160

155 B(IXHT=2.8_RS lWORK l

GO TO ].50

IF_--I-F'-'I-I-_'*_AM IN1 ( V1 tVZ ! I. GE. $PLHT ) GO T_-'I-6-_
BOXTP=I

TYPE 1 IS BOX, TYPE 2 I$ SPOOL

DELVI=VI-BOXHT/2°

DELV2=V2-BOXHTI2.

GO TO 170

165 BT_XT_.

168

ROXHT=SPLHT

DELVI=V 1- SPLHTI2.

DELV2=V2-SPLHT/2o

GO TO 175
BOXTP=3

170 IF (DELVI.LT.Ool

IF (DELV2°LT.O.!

175 RETURN

END

BLKCST [4 |=BLKCST (4 I÷ XO,

BLKCST(4I=BLKCSr (4)e 10.

0

XS
XS

XS

XS

XS

XS

XS

XS

XS

XS

XS

XS

XS

XS

XS

XS

XS

XS

XS

XS
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SUBROUTINE FnRMS F

INTEGER CONFIGySHAP_W[JRK,F[]RM F

REAL MNDTIM,MNDCSTtlBRTIM,LHRCSI F

" CO_M-CJN---r_T_-_PIG_SH_P_WORK,WNCR,DELNCR,BLKCST__PvQ, B,RF_LF, DNCRX_

i WNCRX_DLP3X,IB,IBA, ABMNLF,DELRI,DELR2_DELR3,DELLF,DNCRtDELWCR F
2 ,DLDNCR,LINES F

COMMnN IC/ RC,LC,LCRHStWFLC F_

COMMON /SPH/ RS,RSRHSyWFLS F'

Cq_M_N /STIFF/ ISTIFFtBSTIFF,HSTIFF,F_D,GvK_THKZ_VtVINIT FI

COMM_WNbW IW_THIC-KW_WNDCST,WNDTIM,SHEETSyRHOTWyRHDWND FI

COMMnN IxsPc/ HI,H2tVltV2_DELHItDELH2tDLLVlyDELV2vBOXTPtBOXHT_ F!

I SPLHT FI
COMMON ISTRI

I DROTL2_OROTL3,0R]TL4,DROIAL_DRF]IAR_DRO3AL_DRO3AR_RHOTIA_RHOT2At

2 RHOT:_A, RHOT IL _RHDT TR _RHUT3L _ RH(J r3R, T I_ND, C STNO

...... 13 ,FS-KCST, FSKT IM FI

COM'40N /NPTt WT,NTNSTY_ALTNT_ALPH FI

COMMON /XCT/ INEQC,INEQS,TII,TIE,T21,T2E,T31,T3E,RATIO_HTC_HTS, FI

I TIr)S,T?OS,T 3DC, TI IPRM, T2 IPRM_ 131PRM,TIA_ T2A_ T3A_DELTIA _DELT2A_ FI
2 DELT3A,T3EX F!
COM_4nN IMTL/ _ETAL_E_YPSTRS_SF_C_EL_RH(J,ANEAL_DCRIT FI

C

CONFG,SHAPE _ COST _T IME_ MAXALT _ RONMBR_ DROTTL _NO_ DROTL] , FI

FI

Fi

C O_ ,M.F)N-/'FR M-f-FPq C_ T _-F-RM T IM, TR E X I, "i'RINT, FORM ................. F_

DIMENSION BLKCST{T),WC(2I,LC|21,LCRHS{2I,RS(I2|,PSRHS|I2| , r:_

1 ISTIrF{2),_STIFF{ 2) _HSTIFF{ 2),K( 21 _V(2) _VI NIT(2) _CONFG {I00 )_ FI

2 SHAPE { 100) ,COST (100) ,TI ME( I00 ) ,RONMBR(IDO) _DR{_TTL(TO0) ,NO{ IGO I _ F_

3 DROTL] (IO0),r)pOTL2(]OO)_DRUTL3|IOOI_r}ROTL4{IOOI_DROIAL{IO0|_ FF

4 DROIAR| IO01,DP, F]3AL{lOO),DRO3AR{IOOI_RHOIIA{2 I_RHOT2A|2),RHf]T3A{21F_

_, RhOTiL-('2T,-#'qOT 1R {2 }_R HI]T 3L ( 2 } _ RHOT3R | 2 |, T I MNO{ TO-O| ,CST_I{J( IO0 ), F_

6 i'IT(4l _ALPH( 3 ), INEQC{ 2 I _ INEQS {21, TII(2) _T IE {2 }_T2I I2l _T2E|2) _ F_

7 T3I { 2I,T3E( 2 I,RAT I0| 2I,HTC {2 ) _HTSI2}, T ].DSI 2l _T2DS{21 ,T3DC{ 2) _ F_

8 T21PRM( 2),T3TPRM{ 2), TIA{ 2} ,I2AI2) _T3A( 2),E13 ),YPSTRS(3), SF(3) _ FF

9 C(3) ,FL(3) ,RHO{ 3) _ANEAL{ 3) , I REXT{2 l_ TR INT{ 2l ,FORM{2| ,TIT PRM(21 FF

I ,T3EX{ 2l ,DELTI A(2 ) ,DEET2AI 2l _DELT3A(2| - FF
- -D_-NSION TR( Pl FF

IF {r.ONFIG.LT.II) GU TO 5 F_

N= NUMBER []F DIFFERENT HEMISHERES F_

N=2 F_:

GO TO I_0 FF
5 N=I F_

IO D,_-T_]-O-F_-i,N F_
15 X=75._SF{METAL IlYPSTRSIMETAL)

Y=S'_RTISI.g671EIMETALI )

IF {CONFIG.GE.R) GO TO 20

R=RC{ SHAP)

GO TO 25

2-0- I F -(T .-EQ-.-TT _-=R S ( WORK I

IF { I .EQ.2) R=RSeHSIWLIRK|

25 TREXT(I):Y_R

TRINT{ I ):X_R

TR( I)=AMAX]!TREXT(I I,TRINT(l) I

IF {{ELIMETALII.GT.O.II GO TO 40

FI_
FF
FF

FF
FI;

FP

FF

FF

FR

F_

FF
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35

40

45
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OATE
IFN ----

55

6O

65'

C

70

BFRYLIUM NFCFSSARY -
IF (R.GE.8.) GF) TO _0

FRMCST=AINT{3R3.34*R-200.&9÷0.5)

FRMT IM=A INT( 0._.07,7. ] 70mR)

_r) TI3 $5 ...............
FRMCST=AINT( 1300. mR+(). 51-7600.

FRMTI M=AI NT( 10.5_R I-2&.

FORM( [ ):I

MACHINED

G[} Tq 75

FF (TR(I).GT.O.OPI G-C-TE--6_ ..............
F{]PM( I |=3

DRAW

DRWCST=5.

DRWTIM=. 5

IF (R.GE.2.) GO TO 50

FF
FB

F_

FR

FF

FF

FF

F_

FF

FF
FF
FF
FF

_NDCST=25.

MNDTI_=2.5

STPCST=30.

STPTIM=3.

DSTCST=75.

OSTTIM=7.5

GO TO 60 -

STPCST=20.

STPTI_=2.

IF (R.GT.4.) G(I TO 55

-_._

FF
FF

FF
FF
FF

FF
FF
FF

MNDCST=-IO. +A INT (17.5mR÷O. 5 I
MNgTIM=AINT(I.250_Rl

DSl CS T:-50. +A I NT (62._+-_-5 |.......

DSTT [_=0. I_DSTCST

GO Tn _0
MNrJCST=-_O.÷A INT(35.CmR÷.5)

MNF)TIM=-t+.÷AINT(P.25O_R)

DSTCST=-225.÷AINT(]0_,.25mR÷.5)

FF

FF

FF
F$

FI
FI
Ff
F!

OSTTIM:-20.+AINTIIO.-_R! ................................................... Fi
FRMCST=DRWCST÷MNDCSI÷STPCST÷DSTCST FI
PRMTIM=DRWTIM÷MNDTIM÷STPTIM÷OSTTIM FI

GO Tq 75 FI
IF ((2._R).GT.DCRIT) GO TO 70 FI

GO TO 45 FI
S_IN ........... FI

SPNCST=60. F!
SPNTIM=6o FI

FNHCST=20. F_

FNHTIM=2. F

MN_CST=-500.+AINT(87.50mR| FI

- - MNDTIM=-R.÷-ATNT(2;T_dmR! F.

LBRCST=AINT(5.0*P) F

LRRTIM=O.I_LHRCST F

FORM(If=2 F

FRMCST=SPNCST+LBRCST+FNHCST+MNDCST F

FRMTIM=SPNTIM+EBRTIM÷FNHTIM+MNDTIM F
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- - IFN

75 GO TO I80,90),N

80 G'] TO {85,85,105,85,85,105,105,85,85,105),CONFIG
C CONFGI 2 _ 4 5 6 7 8 9 I0

85 L=_ORM|I)

....... GO T-O -1 86, _7,-8g [-_-[ ..............................

86 FRMCST=FRMCST+FRMCST

FRMTIM=F_MTIM+FRMT|M

GO TO 105

87 FR_CST=2.*FRMCST-MNDCST
PRMTIM:2.*FRMTIM-MNOTIM

F
F

F;

F,

Ft

FI

FI

FI

C

GO TO 105

88 FRMCST=FRMCST+DRWCST+STPCST

FRMTIM=FRMTIM+ORWTIM+STPTIM

GO TO 105
gO IF (I.EO.I} GO TO 95

FRMCST=FRMCST+HOLDC

GO TO 105

g5 HOLDC=FRMCST

SAVE IHS C[_ST AND T|ME

HOLDT=FRMTIM

I00 C(INTINUE

[0_ RETURN .......
FN(3

FI

F_
FI

F!
F!
F!

Ff
FI:

FF
FI
FI:
FF
F_
FI:

r
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SUBPOUTINF EXACT EX

NUMRER 3 GENERALLY REFERS TO CYLINDERS EX

NtlMR.ERS 1 AND 2 .GENERALLY REFER Trl SPHERES EX

SUBSCRIPT I-IS USED I0' DISIINGUISB_S,LHS SPHERES ............. £X

S!I_SCRIPT J IS USED TO DISTINC.UISH RHS,tHS CYLINDERS E)

INTEGER RTRN, HDLr)v PASS t CONE IGt FOR M,HTS,HTC, WORK t SHAP EX

REAL NTNSTY,LC,LCRHS EX

COMMON CINFIStSHAPvWORK,WNCR,BELNCR_RLKCST_PtfJ, B,RF,LF, DNCRX, E)_

I WNCRX, F)LR 3X, I R, I BA,ABMNLE, DE LRI, DELR 2, DELR3, DEtLF, DNCR, 0ELWCR EX

............................ _ --.-0 I_-_Tj-NCR, L I NE S .........................

COMMON ICY RC,LC,LCRHStWFLC E)_

COMMqN /SPH/ RS,RSRHS_WFLS EX

CnMMUN #'STIFF/ ISTIFF,BST|FFtHSTIFI-,FtD,G,KtIHK2tV_VINIT E)t

CUMMON#'WND'W /NF)_ THI CKW ,WNDCSI t WNF)TI My SHEETS ,RHOTWt RHOWND EX

COMMON /XSPC/ HL,H2,VI,V2,DELHI,r)ELH?,DELVI tDELV2tBOXTPtBDXHT, E')

1 SPLHT E)l

CF)MMFIN #'STR#' C(INFGvSHAPE_COS[ ,TIWE_ MAXALT _RONMBR, DRDTTL ,NOr DROTLI ,E)

i DROTL2t _)RqTt. 3 _ OR]TL¢, DR[)IAL, DROIAR, ORO3AL, DRD3AR, RHOTI A, RHOT2A, E) t

? RHOT3A, RHr]T iL ,PHOTIR , RHIIT3L, RHOI 3R,T IMN[),C ST NO E)

_cSKCST,FSKTI_ E)

cnMMFI'_ I'_PT#' WT_NTNSTYtALTNT_ALPH E)

C (]mM',I_ IkT. T-i---I-N_gC,INEQS,TII_YiE_T2-1,T-2E_T31,T3E,RATIU,HTC,HTS, E)

i TL!)S,TPOS,T3OC,TIIP_ ,T21PM _T3IPM ,TIA,TZAvT3A,DELTIA_DELT2A, E)

2 DELT3^,T_EX E)

C()MMr]N /MTL! METAL,E, YPSTRS,SFyC,EL,_HO,ANEAL,DCRIT E)

CrI_MF)N /FQM#' FnMCST,FRWTIM, IREXT, IRINT,FORM E)

OIMENSION BLKCST I 71 ,RCI2 I ,LC I 2 I,LCRHSI2 I,RS I LZI ,RSRHS112I _ E)

..... i- ISrTF-#(_-), BSTIFF( 2 I _ hST|EFI Z ) ,KI 2| _VI2 | _VI NITI 2| tCONFG| [O0 I, E)

2 SHAPE| TOO I,COST I iCOl, TIME( IOO | ,RDNMBR| TOOl ,DROTTL| 10Of ,NO| TO0| , E)

3 BROTLI I ] OF)| , On{ITL 2110OI _ DR{If 1311(JOT ,')RDIL4 IIOO | ,DROIAL I IOO | _ E)

4 DRO] _R(IOOI,DRO3ALII00|,f)RO3AR(IOOI,RHOTIA|2I,RHOT2AI2),RHOT)A|2)E)

5, PHOTIL ( _ ) ,RHOTIR I 2 |, RHOT3L IZ I ,RHOT3RI 2 | , T| MND( 1DO| ,CSTNO| IO0|, E)

6 WT(AI ,ALPH( _ |, INEQC(2| , INEQS I2), TIT( 2| ,[1E (2),T21121,T2E|2|, E)

7 T31 ( 2 ) , T3E ( 2 ) ,R--AT l[l( 2 | ,HIC f 2 | ,HTSI 21 _ T IDS( 2| , T2r)s( 2), T3DC( 2), E;

TP_IPM|2) _T31PM(2|_ TIA(2),I2A(2|,T3A(2|,EI3|,YPSTRSI3|,SF(3t, E;

9 CI3I , ELl _.) ,RHFll 3) , ANEALI ]l , I REXI I 2 l, TR INTI 2| ,FORM( 2| ,TII PMI2| E;

i ,T_EXI 21 ,DFLTIAI 2 ),OELT2AI 2l ,DELT3AI 2l E:

PASS=I E:

IF ICqNFIG.EO.A| GO TO 5 E:

IF ICHNFIG.LP.ln) GO TO I0 E:

C TWO HFmISPFPES FOR CnNFIG I[ 12 E

N=2 E

GO TO I_ E

5 TRTNTI?I=TRINTII) E

TREXTI2I=TREXTIII E

...................... _CFR]_]-_--FOR_{I| E

N=7 E

Gf] TI] I 5 E

I0 N=I E

C CqMPUTE SPHERE THICKNESSES E

15 Dq 35 I=I,N E
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EXETA - EFN -_ ......... S[}URCE.--ST/_TEMENT -- IFN

TIaLLW=RHrlTIA( I)IRHO(MFTALI12.b4
T!AI| }=TIALLW
LL=FrIR'_! I )

......... 3 n T(J (2.0,25 !. _4(:i.!_ L__LL................................
20 TII(It = TP. INT(II_'NTNSTY

C FORu 1 (Ma, CHINE)

TIE(1) : TREXT(I)
T2I(I) = TII(I)

T2E(1) :TIE| I)

T2/_LL_=TIAtLW

GO TO 35
C FORM 2 (SPIN|

25 T211I) : IRINI(1)=NINSTY

T2_(I) = TREXT(I )

TII(1) = 1,3"T2[(11

TIE(I ) : 1.3*T2E(I )

T2ALLW=TI AtLw/t ._ .....

<,3 TQ 35

C FORu _ (DRAWl

30 T]I( I )=TRINT(1)_mTNSTY

TIE(I I=TREXT{ I)

............ I'21(I_):T].I!II/O,._5 .................................
T_E(II=TLF( II/O,R5

T?ALLW=TI aLI W/O, R5

35 T_A(I )=T2ALLW

IF IC_)NFIG._T.4) GU T[) _55

C CYLINOER /_NALYSIS IS NECESSARY

IF (CONFIG,FO.4! G[; Tn 40

GO TO 44
40 m=2

N=I

4/+ J =1
K(1)=O

K(2)=O
BLKCSTIS)=O,

6[KCST(6)=rl.

C TW3 CYLINF)FRS / DCFCD CONFIG

45 X:C (METAL)*RC { SH_P )_*. 6

.IF {_J,E(-). II _r] [0 5C, ......................

T 3F | J ) =_(_LCPHS ( _HAP l _-x, ° _.
GO Tn 55

5C T 3E ( J ) = ',(x,L C..( Sr.la,_ ) rex', 4
55 T 3I ( J ) ='2,*TR [ NT( J ) :_N1NSIY

T3EX (,J) =T3F( J )
RATIq(JI:T21 ( J|/T3I (J)

C RATIO IS TOO SMALL FQR EXACT ANALYSIS

RLKCS T ( 5 }=RL KCST !5 )÷i0,

63 T ? IPRM=T3 I tJ )*YPS_RSI MET_t )lactEAL _M_T AL )

Tgl Pm( d )=T_ IPRM

C EXACT ANALYSIS

E
E

E
E_
E:
EL

E;
E;
E:
E,
E )

E_
E)
E)

E)

E)
E>
E)
E)

E>
E)
E)

E:,
E>
E)'
EX
E)
E)

E)
E)
E)I
E){

E)t
EX
EX
EX

EX
EX
EX
EX

EX
EX
EX

FX

E_

EX

EX

EX
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T3ALLW=RHOT3AIJ)/RHO|METAL|I2.54

T_A (J I =T3ALLW

HTC !,J)=I

IF |T3CII. W - T3F{J)) ]bSt13U,65

65 fi_ {T3_[E-w -,GT,T__I{JTT--G'IT-T-_-RO .....

T3oC( J)=T31( Jl

BLKCST (5! =FitKC S [( 5 }+IO.

INEgC(J) = ]

C T_I .,GF. I'_.GT.I3E

ASSIGN 75 T[] RTR_,!

GO Tq -'_)?J ....................................

75 T3F)C{ J }=T9IPPM

IN_QCIJI=2

BLKC ST (5 )=BLKCST !51 +10.

HTC( J)=2

C T31PRM.GT.T3A.GT.T3E

GO Tn I 19

RO IF IT3EIJ).GE.T31IJ)) GU TO 95

INLQCIJ)=R

T3F)CIJ)=I_IIJ)

C T3A.GT.T3T .C,T. T3E

_SSIGN R5 Tn _TR_!

GO TO -x_)

85 T_,r)c( J)=T?IPP _

HTC (J }--2

IF {TRhLLW.G__.T31DRM! G(] TO 90

INEOf] ( J )=4

C T3 ImR _.GT. T9 _. GT. T3E

_tKCST (b }=Pl K[IST{ 5) +i b. ".....

r_(]TO 119

9C IN:')C|J}=_

C I34. G; ° T3 IPRM. GT. T3E

_0 TO .II0

c)_ TNFOC{J)=6

HTC(J)=I

T31)CIJ)=T3EIJ)

C 13A.GT°I3F .C_E.T31

_SSIGN I0(_ Iq RTRN

Gn Tn 35,3

100 H TC { ,I }= 2_
IF (T31PR-M-T_&LLi,_) ]Z-(Jt-].]_%_105 ...............

I05 INEQC {J ) =7

BLKCST {5 )=BLKCST( 5 )+I O.

C T_TPO_.GT. T3A.GT.TgE

108 T3DC(J)=T31PRM

]I0 ASSIGN b:_5 TO PTRN

GO TP 350

115 IN_,qr (J)=a

C T_,A.tTO.T31p_.GT.I 3E

T3_C ( J )=T3_LI.W

GO TFl I19

120 IF(T31PPM.GE.T_P(J_ } r.,oTO IZ5

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

E_

E_

E_

E>

E)

E>

E)

E)

E)
............................

E)

E>

E)

E)

E)

E)

E)

E)

E)

E;

E;

E:

E;

E;

E;

E:

E

E

F

E

E

E
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SOURCE STATEMENT

[NFOCIJI=Q
C T36.CI.TZ÷E.GT.T31PRM

T3)CIJI=T3E(JI

gn Tn 11q
125 INEQC|J)=IO ..............

C T3A.(;I .T31OOM.GE.f3E
r,,,0 Tq I0_

I_9 IF {T3F(JI.ST.I*J.I(J}) GIJ TO lad

I NFQC (.II=11

ASSIGN 135 T,] OTO_

C T3I.(;F.T3E._O. T3A ......

T3')CI J):T:_llJ)

IF (T31IJI.GT.T?r-IJJl BLKCSIIbI=RLKCSTISI÷IO..

GO TFI ?_U
135 INEQCI,J)=I/

BLKCST(_) :_,IKC_I(5)÷]O.

C T_ I PR:4.GT. T_E. EO. I 3A ....

HTCIJ)=2

GO Trl I 1'}
14o T3DC( ,I I =T'_," LLW

I NEOC( J )=lJ

C T3A. FO. T_E.GT.TT_I

ASSIC, hl 1_-5 Trl PTRN
GO Tn _53

145 HTCIJ) =9
IF (T3ALLN.GE.TRIPR_') GQ 10 150

INFQC( J)=iz+

C T'4IPP 4.r;T.TL4&.FO.T3E

?,L_CSTI_I=P,I v_CSI (_I+I0,

T "_r')C| ,I )=T3I u°'_

C_U Tn 1 IU

150 INForIJt=] _
C 1R 5. tO. T4 L-.r,m .T _ I PR _

T3FIC(J)=T_| J )

Gt} Tn I l'n

155 IF {I_LI,I).GI.I'_[(J)) (;O T[I tbb

I N_-OC (J )=If_

C T_ I. G_f.1 -_F.;;I. 1-3_

T3F)C( II=TRI(J)

_LKCST(bI=HL'<CSTI5)÷I r_.

t, SSI,',;N 150 T,] P,TRK
GFI Tq ? _ )

169 IP']_')C|J _=] T

C r_ IP_'_._;T. I"_r-.C,T. I 3A

T3')C l l)=T31P '_ '_
_qTCI,II=2
HLKCSTI _,I=_I KCSTIS)÷]C,

C T-_F. r;r. T_ %ICHFC K STIFFENERS

I _r-X I ,J)=T_[( ,I1

TH_K2=T_F(J)
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DATE

IFN

E
E
E.
F

E
E
F
iz

E
E
E
p

E
E
IE

E
E
E
E

E
E
E

E
E
E
EX
E)_

EX
FX

EX
EX

EX
EX
EX
EX

EX
FX
EX
EX
EX

EX
EX
EX
EX
EX

EX
EX
EX

EX
EX
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2878 _ITROFF - .r)FBUG DATE I

F:LC ( SHAP |/E ( MF r&L | EX
G:2.73,=F=_n. _N_*O .6 EX

KIJ|:O EX
IF (T3[(J).LT. T3AILWI GO TO 220 EX

C ...... T-____r_--l'-. T 31. _E-_, l _A ........................................................... E)(
BLKCST|SI:qLKCST(5).÷IO. EX

HTCIJ):2 EX

I_: (T31PPM.G_.T3_IJ)) GO TO 170 EX

C T3E.GT.T_IORM.GE.T3A EX
1665 THKI=T3F(J)

I &fo -K(-3 F-kT-£T+ i .............................. :....................................
THKI=THK2
CALL SII:I J)

If: (THK2-T31ORM) 167b,16BO,1600
1675 INFQC(J )=53

C THK I.(;T. 13 [ PRM.GF, T3A
...................... T_F)-C_-(-JT_-FH K ] .......................................

K(J)=K(J|-I.

r;{I T_ I_9

1680 [N_QCIJ;:52

C THK2:T3IP_.G_.I3A

1685 T3OCIJI=rNK2
r _K I= T-HK Z ........................

r_C} TO iA'_

16Q? IF {K(,II,IF.I()) qn T_FI. 1670
[NcQC(.ll=51

C THK2. GT. T3 IPR".GE. T3A

G(} Tn 16_5

169 _SSIG'I 175 Th QTRI_; ..................................... E-X
_,.c] Tq 350 EX

170 [NFQC(JI=IH E_
C T31oRM.G' .T_E.GT. 3A EX

T'_nC ( J )=T_ I0_'4 EX

ASSIGN !75 TU RTRN - E)t
GFJ Tn 350 E_

ITE K (,J)=O

THK 2=T_E (J )

I76 K(J)=K|J)+I

THKI=THK? E)
CALL STF(J) E)'

- " IF-ITHKT-T3I(_j)j 20C,2US,PZ]5 ........................................... -E)

C

203 T3DC{ JI:THK]

KIJ)=K(J)-!

[NFOC(J)=2 r'

THKI.GT.T II.r,r.T3A

202 HTC(J)=I

S_ Trl l] h

2n5 INFOC(J)=21

[HK2=T?I._E.T _A

210 130C( JI=TI-_K?
GO T,_ 20:?

215 IF (KIJI.LE.In) GO TL3 176

E)
E)
E)
E)

E)
E)
E)

E_
E)
E)
E;
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IN_9C(,!)=2 ?
C IHK2.GI.T3T _'-• ,,:.TBA

GFI Tq 2! O
223 I _: (TB&I.I__4.L/.T?_IP_MI OF1 T[] 300

C TBE .gl. 1Btw, _E,T3 IORm ....

225 K(.JI=K(JI÷I
THKI=TH_?

CALL _TP(J)

_4q IF (THK?-T'_ALLW) 26__,24b,255

C HTC = }

245 INFQC(,I}=P _ .................

C IHKZ=T3A.:;I.[3I

T3')C ( J I=THK2

ASSIGN 25L) 1 n RTRN

GO Tn, 3_n

250 HTC(J| :'>
Ir,IF OC | J l=27

C [NK2=TZ_.qF.T_I PRM

qO Trl l!:)

255 IF {K{,JI.LE.]?) r-C TN 22b

_L_ CST {_ } =BLKr ST (5 )+] O.

TN_-QCi,II=P_o

C THK2. ;T.T _.GT.T31

T 39C{ J )=TqV2

ASqIGN 2:3_ TLI PTRN

GIJ Tq _:br}
26, n I'_lvOC ( J ) =?q

C THKP.r;T.T _.r;'-.T31PRM

HTC {J ) --?

qq Trl ] 1 ;_
265 IF {14K?.OF.I_IP_m} GO TO 215

PLWCCRT{ 5)=_LKC_,I (5)+IO.

KIJI=K(J)-]

T NpTr),q( J I =_0
C T'-l_Cl.GI .T.3A._,T._"T3I

T3']C{ J)=THK!

ASSIGN _70 1i? PTRN

27C I NF-QF. { J )= ?!
C FNK !.(; I .T36 .{;E. I 3I PRM

HTCIJ)=2

P75 I NEr.)C ( J } =3P
C T3_.GF .THK2.GT.T31

l -5_)CI,J I=THK2

ASSI2;N "_C TII _T_J

r;n TO 35') ..............................
280 IN_OE(J}=3_

C T'_A. GT ,TNK 2. GE. T31PPM

HTC ( ,1 ) =2
qU TO 11{t

303 HTCIJ)=I

DATE

- - IFN

E}

E;
E>

E)

E)

E}

E)

E)

E)

E),

E)'

EX

EX

EX

EX

EX

EX

EX
EX
EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

.... EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX
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KIJI=q

305 KIJ)=KIJ)÷I

THK I=T_K _.

CALL SI-_I J)

IF ITHK2-T_AI. LWI 3_r;,320,3__

325 INEOC(J)=36

C IHK_=T3A.C;T.T31

GI] T{I I In

3Z5 TIOCIJ)=IHK2
333 BLKCST (5)=_L_CCS I (51-i0.

AS.gIG_ 3_+br; • TL) RTRN

";U Tq 3_F "_

345] HTCIJ)=2

_IKC ST ( 5 ) =RLKC ST (5 )+I O.

KI,I)=O
T_F_(,I I=T_EYl J 1

IF (I3FIJI-T31PRM) 3455,3460_3465

3455 INFOC(JI=3 c)
C T3IPP _.GI • T'_Eo GT oT 3_

C,()Tn ! 19

3460 IN"-(-)CIJI=49

C T_ ! P_ M=T_F. (,T .T3A

_TrIJI=Z

T39CI,II=F-SE(J 1

C;FI TP l!n
3405 IHKI=T3E(J)

347'5 KIJ}=KIJ}+I

THK ].=THKP
CmLL ST_IJI
IF (THK_.-T:_I'-)r>_) 3475,34_0,34q0

347s I NF-'JC ( J )--4_
C Tk-IKI.;;T,T31PRM.GT,T3A

T'_!)r( J)= (HK)
K(J)=K(J)-I

r,r) TFI t1'_
34qP I"!r:gC ( J I =47

C TNK2=T ? [P_ ',1. GT. T3a

34R5 T3()C( J )=lH_2

7HK I=THK2
GO TO ] 1 0

34c)0 IF lKlJl.lC.lOl GCI T() 347c_

I "iF:JC( J ) =41

IHK2.;;T. T _I PRIn. GT. T3A

F_FI l!) _4_ _

33_5 IF (K(J).I F.!01 c,O TO 305
INE i,)C ( J I=35

THK2. gT, T3A. GT. T31

'gLKCSTI51=.RLKCST(SI+IO.

,_q Tn 37 _.

340 IF--(TH_CZ.Gr:.T31IJ)) GO TO 34D

I NF T_. ! J ) =37

SI'mTEMENT
DATE

I_N

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX
E-X

EX

EX

EX

EX

EX

" EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX
EX

EX

EX

EX

EX
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K(J)=K(J)-I EX
TF_K1.GT.T3_,.(;T.T31 EX

T3')C(J I=THK1 EX
';O Trl 330 EX

34b IN_OC( J )=3-_ ...... EX

T_A. gI ,THKP .(;[. T3i EX

G!J Tq 3?5 EX
350 9_LT_A(J)=T3AI LW-T3DC(J) EX

SpHErE _N_LYSIS FE]LLOWS EX

L=NTC(J) EX

T=,I - " EX
G{I TO 3_() EX

355 IF (N.FO.2) P_SS=I EX

L=I EX

I=I EX

360 T21PRM=T21II)_VPSTRSIMEI_I )/ANEALIMETAL) EX

tl TP_4=TI I ( I ) _YPSTRSI mFTAL|/AN_AL (METAL !............................ EX
TZIPM( I )=T_IPRM

TII"M! I):T] foRM

IF (r?ALLW-T2E{I)) 475,3_5,4Ub

365 I_ {T2E(I}-I21{I)) _66,38U5,385

370 I_JE_gS(I )=I

C TZI.[;T,TZE.EO.TZA

RLKCS[I_)=P! KCST|6}+]O.

372 T2ns{I)=T21IT!

_TS{I)--I

6{-} Tfl b3_
ash INFOS(I }=2

C T2 [ PR'4.C.I. T2F=T2A

HTS[ I )=2

T2F_S{ I ) =TZIPP M

PL_(CST{ _) =_L KCST(6)+] O.

Gn TO 535

3805 GO Tr) (_910,_R_} ,I

3810 INEOS(I)=3

C TPI=TyE=T_A

GO Tq 379

385 GO Trl (-_,g(n_3951_t

3gO INEOS( I !=4

C T2_=TPE.GT °T21

_TS( l }=1
T2DS( I )=I2F( I )

395 HIS| I )=2

IF (T?ALL. W.I T.TT_IPRP_} Gl) TO gO0

IN_OSII)=6

C TvA.Fg.12E .C.E.T21PRM
T?OS( I}=T2E( I I
GO Tn _b

4Cg TNE(_S( I I=_

C T__I P_M.r;l. T2A =.T2_

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX
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................ E × C_- "-_-N - -

DATE 1

IjOURCE S TA T_EMENT ....... ----- ....... iFN ....

BLKC ST (b l=BLKC ST ! 5 l÷I O.

T2DS( II=T21PRM

GO Tn 535

405 IF (TZALLW-TZI(Ill 4G50_4|50,_20

........._O_n--G_ Tn--h--T_-l-O-,-415-I-,t

410 INEOS(1)=7

C T2 I .G[ .T2A .GT .T2F

RLKCST( _ l=qLKCST {5 |÷LO,

412 T2DS( [):T21(I|

HTS{I):!

.......C,O- Yh 9_B ........

4150 GO TO (4195,415),t

4155 INFQS{ 1 I=9

C T?I=T2A°GT.TZ _

GF) T F} 412

415 HTS(I |:2

EX
EX
EX
EX

................................ EX

EX
EX
EX
EX

EX
............................. E---X

EX

EX
EX
EX
EX

INEQS([I=8

C TZIPRm.GT.T2A,GT.T2E

T2OS(II=TPIPRM

BLKCSTISI=BLKCST(51+IO°

GO TO 535

420 IF (T2E(II.LT.T21(II| GO TO 455

425 INEQS(1):IO

C T2A.GT°TZF.GF,T21

HTS([|=I

T2nS(I|=TZP(I!

Gn TO 5_5
....... 430 HTS(II=P

IF |T_IDRM-T2_ILW) 435t445_4bO

435 IF (TZI_nM.LT.TZFI])) GO TO 440

INE,]S(II:[I

C TZA.GT.T21PR_.GE.T2E

T2DSIII:T2TPRm

GQ TO b35
440 INPQS|I):I2

C T2A,GI.T2F.GT.T2IRR_

T2OS(1)=T2E([)

GO Tq 5B5

445 INEQS(II=I_
..... C ........... _t_K._.T2i-P_,GT.TZE

TZOSII)=TPIPR_

GO Tn 535
450 INEQSKI_=I_

C TZtPRM.GT.T2A.GT.T2E

T2DS(1)=T21PRM

_LKCST{51:BLKCST(51+IO.

GO To b_5
455 G[] TO (460,465|,L

46A [NFQS( [1=15

HTSII)=I

C T?_.(;T.T21.GT.T2E

EX
EX
EX
EX

EX
EX
EX
EX
EX

EX
EX
EX
EX

EX
EX
EX
EX
EX

EX
EX
EX
EX

EX
EX
EX
EX
EX

EX
EX
EX
EX
EX

EX
EX

EX
EX
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.?_7_ ...._ITOnFF -__F.BUG .........................................
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DATE 1
IFN

465

C

410

C

472

4_0

C

T2_S(II=T?III! EX

GO TO _35 EX

HTS(I)=2 EX

IF (T?ALLW.GE.T21PRM) GO Tn 470 EX

T21P_M.GT.TZAoGT.T2E EX
BLKCSTI_I=BLKCST{6)+IO. EX

Gn T{I 47? EX
INEQS(1)=I7 EX

T?A.GE.T2IPRM.GT.T2E EX
r_S([i=T2iPR_ ............................. -- ............................... : ........... EX
GO TA 535

475 BLKCSTI6):BLKCSI[6)÷IOo

I_ (T_aLLW.LT.T2I|I)! _0

(;0 T0 (490,4@5),L

INEOS(I|=IR

.... T2E.GT.T2-A_G_.T21

HTS(I|=I

T2OS(II=IPE(1)

GO TO 535

485 HTS(1)=2

TO 5oo

IF (T2AILW.LT.T21PR.M) Gn TO 490

INE_S(1)=I o

C [2E.GI.12A.GE.T2IPRM

T2DSII)=T2EIII

GU TO 5_5

_90 IF (T2EII).LT.T2!PRMI GO TO 495

INEQS([)=20

T20S{ I)=T2FtI!

GO T n _35

4g5 INF9S(1)=21

C T?IPR_.GT.T2E.G].T2A

T2OS(1)=T21PRM
GO Th 5_2 ...........................

500 IF (T21II).LT.T_FII)| GO T[) b15

GO T_ [S]5,510),L

505 HTS[I)=I

INEQS(I)=22

C T21.GF.T2E.GT.T2A

T2OSIII=r2III!

CO Tq 535

510 INEgS(l)=23

C T21PQM.GT.T2E.GI.I2A

NTS|ID=2

T2DS(1)=T21PRM

EX

EX

EX

EX

EX

EX

C

515

520

EX

EX

EX

EX

EX

EX
EX
EX
EX
EX

EX

EX

EX

EX

EX

EX

EX
EX
EX

EX
EX
EX
EX

EX

EX

EX

GO TO _3Z ......................

GO TO 1520,b2b),[.
HTS( I )=I

IN_r)S l I)=24

T2 F_.G I.T21 .GT.T2A

T2OS{ [I=T2E( I1

EX

EX
EX

EX

EX

EX

EX

EX
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525

DArE I

GU Tq _35
HTS(1)=2

[F (T?Ei[i,LI.T2IPRMI

INFQS(I )=25

C .......... 1"2-_E" .G F. T2 T P R u. _T. T 2A

T2r)sI I )=T2F| I )

GO TO 535

530 INrQSIII=P6

C T21PR_I,GT •T2E. GT ,T2A

T2DSI I I=r21PRM

5.137BL-_IS1 =-P>LKC_TI-6 1÷-TU. " -

535 DELT2AI I I=T2ALI. W-T2DSI II

IF ICnN_-IG.Lr. RI g[I 10 538

T3A| I)=T2A(I)

T3E| I)=T2E(])

T3=X! I)=T_E(1)

T_I TTI =TpTTTF .......................

T3IP_I I )=T21ORM

T3OC! II=TT!]S{ [ )
OELT3A( I)=OELT?A( I )

RATIO(1)=T21(I)/T31!I)

53_ LL=FORM! I )

........... _ TO -( _-U,-S4b ,"_5O I ,-L L "
540 F)ELTIA(I I=OELTPAI I I

TINS( l)=12nS(I)

GO TO 555

545 r)EtTl_l I)=DELT2A(I )*1,3

TIF)S( I I:I.3mT?DS! I}

........ _--TCI- 5 F5 ...............
559 OF_LTIA( II=nELT2A(I Iio.85

TIOS(I I=9.8b_T2DS! I l

555 IF !N,EO.2) G() TO 605

IF (CONFIG.EO.4) GU TO 600

STqRF _LINT ATTPIHUTES

IF ICgNF-I(;.L_.4) GO ID 580
IF II .Er).ll Gn Tn 575

IF IN.r:O.2) GF" TO 57(_
565 RFTURN

C CqNFI(; Ii ANO 12

570 _ If.gO.If GO Tn 61C

PASS=_

I= 1

qLKCST( _ I=n.

G(J Tq _6U

575 1 _ iPASS,EO.2) r,O TP b65

GO TO _30

EX

EX

EX

EX

.................... E_

EX

EX

EX

EX

EX

................... EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

I_=2

C N{1W Mr CASE - S_MF LHS

Sn TO ?_1

580 IF (_.EO.2) .'.;[lIf! 590

585 GO If] RTRN,I75,85,li]C,135,I45,1bC,17b,Z50IZ60_2_O,280,300_3450_

i _5l

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX

EX
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590 TF (P_SS.FO.II GO TO 595

C GET 2_In LHS

J:l

T_ N=HIIL r_
GI3 TF) b_5

595 ma%S=2

GO Tn beb
600 IF- (J.K!F.!) r;[) T(I 560

J=2

HOE )=RIR_I

PASS=I

C Gq GET _HS
[;0 TO 45

_nfi IF (I[._0. 2l GIJ TO 5_[3

IF (P_SS.EO.?) G(J T_ 560
r_O TO 61b

61_ L=I

61.5 T=;_

C GP TEl G_T RMS

G!] Tq R,A.,)

ENn

DATE !
IFN

EX:
EX,
EX
EX
EX
EX

EX
EX
F:X
EX
EX

EX
EX
EX
_X

EX
EX
EX

EX
EX
EX
EX
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_T_Q H-3_B G - - |NKRCE (JAJE E J TC

SU._RnUT I NF STORF S

INTEGER r S TF SK , PAS S, C{)NF IG, AL TNT, HTC, HT S, WORK ,FORM_ SHAP t SHAPE, S

I CnN_G TR!]_R _BnXTP, SH, S| DE 5,C 5TNO, T I _NO S
REAL L,LC,LCRHS,ISI IFFtJOINItJn. IN2,JOIN3,JOIN4,MACH,LYTCST,METLCS S

I ,JNI, JKJ?, J_, JNCSI, JNTI M_LF S

COMMnN CL_,_JFI_,SHAP,W[)RKtWNCRtDELNCK,RLKCST_P,Q,B,RF_LF, DNCRX_ S

I WNCR K, r_L'4_,X, Ifl, __A, ABMNL F tDELI_ I,DELR 2 _DELR3't DELL F, DNCRv DELWCR S

2 ,OLr)NCR,t_ IN_S S

COMMON ICI _C,LC,LCRHS_WFLC S

CO_A_F_N ISPHI RS,RSRHS,WFLS S

CD)MMfIN ISTIFPl ISTIFF,BSIIFFtHSTIFF,FtD,G_KtTHK2_V,VINIT S

CDMW[INIW'_r)w IWr),THICKW,WNI)(_ST,WNDI_IM, SHEFTS,RHDTW,RHOWND S

COMMON IXSPC! N1,H2,VItV2tDELHIt-nELH2,D_LVItnELV2,fi{IXTPtROXHT_ S

I SPLHT 4.- S

COMMON /STR/ C(INCGrSHAPE_COSTTTIME_MAXALT,RONMBR,DROTTLtNO,DROTLItS

I I)RFJTL 2, !)!_OlL _, F)Ri]TL4 _ DRO I AL _DROI AR, DRD3AL _ DR (]3AR _RHOTI A, RH{IT2A _ S
2 RHF]T3 A, _HF3TI l, RH{]_TIP ,RH(]T 3L _ PILOT 3R _T IWNFI _ C STNO S

,FSKCST,FSKTI_ S

CO_MI]N /NPT/ WT,NINSTY_ALTNT_ALPH S

C(-JMW_N /XCT/ INECC,INEQS_,III,TIE_T21_T2E_T]I_T]E_RATI{I_HTC_HTS_ S

1 T]F)R_TP:_StT_DC_T| IPRr4tTZIPRWtT_IPRMtTIA,T2A,T3A,DELTIA,r)ELT2A, S

2 r)FLT_A,T3EX S

C[[)MMON /_TI / _FT-_L,E,YPSTRS_SF_C_EL,RHO_ANEAL,DCRIT S

CO'4_F_N IFr_l _MCST,FRMTIM,TREXT,TRINT,FURM S

CC]MMnN /_._..]_ITII)L,TIF_R,T'_DL_T3F)R_ROTr)IL_ROTDIR,ROTr)-3L,ROTD3R S
cn_MnN IXTR6/ HEAT_TYP S

DIMEN$1 )N _tKCSTITI_RCI2I,LC(2I_LCRHS|2_),RS(12) _RSRHS|I2) _ S

i [STIFF( ?I ,_ST IFF( 2),HSTIFF(2 I ,KI 2) ,VI2I,Vl NIT(21 ,C[)NFG 1100), S

2 SHAF)E(]7(]),C(]STIIOO),TIWEIIOC),RONM_RIIOO),DROTTL|IO0) _NOIIO01_ S
3 DP_3TLII InnI,OP_]TL2IIOOI,DRflTL31100) _'OnI]IL_IIOOI,DPOIALIIOO)_ S

DROIAR| IOOI,r)_F_3ALIIO0| _f)RO3AR!IOO),QHOT]AI21_RH[)T2A|21_RHOT3A(2)S

5, RHD)TI L | ?) ,RHOT IR l21 ,RHt]T3L (2 I_RHOT'_R (2 | ,T I _NO(I00) _CSTNOI I00 | • S

6 WTI4I,ALPHI _ ), INEQC(2 I, INEOS (21 ,TI I( 21 ,TIE (2-),T2 I( 2),T2E¢2|, S

7 T31 (2) ,T'_E (2) ,RaT I[)(2 ),HTC (2) ,HTSI 2| ,TIDS( 2| _T2DS( 2| ,T3DC| 2| _ S

T?IPR_( 2 I,T_ IPRM(2 I ,T]AI 2) _T2AI2) _T_A( 21 _E 13 ),YPSTRSI31 _SF I3) _ __

g CI 31 , ELl _ ) ,oHOl _l ,ANEALI_I _TREXT|2) ,TR INT| 21 _FORMI 2) _T IIPRM(2) S

I ,T3EX(2 ) ,r)ELTIA (2 I,DELTZAI 2| ,r)ELT3A( 2! S

? ,T InL (I('0) ,T19_ I |COl ,T3DLI I00) _T3DRI I00| ,ROTDI Ll IOO|,ROTDIRI 100| _S

3 RFITr)3L{ IOn) tPnTr)?R ( IO0 ) S

DIMENSIO',I TYr_I3I,LTTRS|I_I,HEATI3I,WFJRD)I3), JNII II),JN2I 13|_JN3| I'_|S

I ,FL( I? ), RHnT I (2 I, RHt_T2(2) ,RHP, T)I 2 I ,DTLCST( 13_ 2) S

FQUIVALFKIC r IF)ELRI,DELR( £I I -_

OIMENSTnN ,OELR I 31

DATA { W_ ._(N ), N= I_ _) 1 4HMACH_¢HSPIN_ #HORAWI S

CONFI_'S _*_Ii_]2 HAVF TOTAL FLANGE COST ALREADY S

DAT AI J_] ( I ) ,I =i, 13)/2. , C. ,_. , 0.,(_. _O. ,C'. ,i. ,e.,O.,O.,O. ,0.I, __

I (J_!O( I 1,1=l,13)/O.,l.,l.,I.,c..,O.,P..,0. ,0.,[).,O.,0.,0./,

2 (J_,3(I),I=l,15110.,l.,O.,l.,2°,l.,O.,o.,z.,l.,l.,l. ,0.I, S

3 IFL ( I ) ,I=], 13)/0. ,2.,2., I.,2.,2.,2.,0. ,2.•2.,I-, i- _2.1 -_

F_ATA ((F3TI_CST( I,J)_I:l,13|_J=It2|/b60.•_O.,_O7._4(_5._330._275._ ._

I 220._5_O._30._27._._495.1_95. 1220._3OO.f_00. _370._450. _300._250._S
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_.-q_ZZL-__.41 TP_t!.EF__----.._:P_UC.

SOuRcr SI-AIE..'ImfVT - - IFN

2 ZnO.,3C'_.,TqO.,?5('.,450,,450.,2(_O,l
QAT'_ (I TICSfI),I=],I_I/,SH qC!/ tf"H r)CFD ,oH i)CFW ,SH,'ICFCF) ,

1 6H _F_ ,C-H .)FW ,c, HWFWCYL,)HSDHENE_,SH SFS ,pFH SFW ,OHSFSII y '_
f---__SE S_lZ ,__J_FJ#_5P_HI

_n 4_?i [ pl4n_,y=] ,I

.! = !

sines=] S
IF (CQ_'FIC.NL.a. AN;1.-CHNFIG.N_-.]!.&Ng. CnNFIG.NF.1Z) Gr) TO 45 5

C SIt)FS _-nUAL£ ? F .',P CONFI(;,S _,]I,I? (z

.................... 51.nE_=Z .............................................................. S
45 C(n'_I_:f_,(,_I_TNT)=CtH'- J_; S

SN_ o!- ( _ L T ",'T | = rU]!_l" S

50 IF (C_I'Jr:[(;.C,F.p) C,Fi TO ¢,0 S
W[L A.NG: _'.,'F[ C S
P"=°C | %H_O) S

D-_ _.;L'Z.................................................... ..................................... _S
rF- (j._n 3) S_I TFT _'_"
[=LC(SH_ _ )
GO T_] 5n

55 I_=LC'_ 4F(SHAD}
5 _, S=_(J)+]

................... V_I'__LJ } = L/",. .......

IF (c,.r[,').].l _O TF 5_

HST [_c ( J ) = ( 3,',. :_ [ <,T I r FlJ)le-_n. 2_
_£TI'-:F(J) =H£T |_lJI/_.
T'_r[ J I =T_pr(,.I )

,3 T c' -_,-,,
59 I STI_-_{,)) --'_

HST 1 .'=r- ( J ) =r..

C.(} Tq 7'_
60 L =n •

WFI..ANG=W_-L S

q=qR(,/n_K)
qr] TQ _

65 R=_ SP-I£ | ;._[1Rv )

................. 66 r) =2. *r_
70 IF (J.C_.Z1 ';F Ti) 4]_;I

LYTC _,[=aq,",

]n5 PASCST=LVTCST+DT! CST(CFINFIGtSHAp)

115 IF (C;I_'!clG.NE.] "_,ANF).C!INFIG,NE,7) Grl rn 125

C T:Vq Wf_'!'lr_.,t£ FqP C,.]NFIG'S l_ AND 7
].?0 W_',I]CST=?,*WN'}CST

WN_T [M= ?. *WNOT IM

i25 ST_CST=e.

$1 -'-T [ t_=n.

I ¢ (_{]'_IFIC,(;T.LI Gi! Tn 162
C (]'7"4P!ITF C_!ST r]F STIFFENERS



306

-.-" .................... •.................... DaTE
_Tn,^,,,. - ':':', -- -- 5DURCE 51_TF'MENT - - I_N

C

127 I =IN=nr_!_) S
S=_{ AI S

IF ( f.f.r. _r f' I.F C,.?C,.f_R.l.t-tl._l.r}_.T._c_.=7.(_.! _n.431 GQ TA 130_..... e_ .,e ............ ., .t ........ % • _ • - .-

F1 _, &I.l F,!'_r_ ]nr.}C %, "B_5 S _O.l_I.S IHE NUuB_R oFANALYSIS pAsss
]Ic | _.cq,( , | ;:fl TO I(_

12_ w-%.,-. .
x [g 1,*:/_1 v%!'4 C'_S_ - _UST HAVf $?O/ANatYSTS P_SS

Gt} T:] ]T',m

130 Y=IS+I. l :-_2 •
Z=O.

[!:: (s.r:.;}.{'.) £;,_ T? ]<, {)

135 GO Tq I_÷0,1/+D,155},_4ET^I

C Y f_- 'qTIr-:r *'r-o !_ACF_INI_JF; { n£1
|4n Y=2._n+ "_

¢-r-_C T IS gTIFnr-,',,_-?, Ti ?t lrlG ,,,,ST
T=O._-_ _.

C w T C -_ T I L: L "_ _' _Z"<_'-- W E [. D I N{; {£ _} g r

14Z W=I._!;+&.

T=_+A.

{_;I_ T_} 14"-'

]5;" t. ={W+VI;::<,+T

GI} T r_ ]." "_

]5_ 7 =_..,. ,_
lhi] STFCST=,_,I,",T{ Y+Z+"'.r_._)

STCT[ '4=0. _ _{:T_{I S]
If- (Cq*'.c1_.,":'. _) r:_; ]fi i_

f_ ('_.F"._I -:,r_ rr: 7_1

_4flJ q=gTrCgT

C{] Tin I77

161 .c l'r-r;ST='gTl CST+H_'I t _

£[r-TI'4=O. ] _<rFrST
167 CYI rST= :.

Cv! T_T'4= _.

lAB TF (Cq"lr!';.CT.4-) r2n TO t _ ;
C T IS T r, It ''4{: crST
C % [_, kFT_j ') rQc:]

C _4 I _.: ( "1".,-4 ';tf. HIfl, ll_,(__ O.ST_-

C r'._ tc I.l\.ll_!_ g£,CHTI'qF _4TF

%) T_ I !-,c,l.,-r_,]7U)i,'.'{-]f&l

I{_ _.T Cg=", ....
GO t_ iv_>

17"I '4V-TL(2$=_ l .',7:_ _::r_::q
!75 T=!<'._ _

q,=;.-) + -' _ :i:r_

IF- (_.._T._.) ql' T[ I£P'

S

S
S
S

S

S
S
S
S

S
S
S
S

S
S

S
S
S
S

S
S
S
S

........... P'4=:_T o ÷ _ • _'!;:i< ...............

......................................................... S

S

S

S

S

S

............................................................ S

S

S

S

S

........................... S_

S

S

S

S

S

........................... S
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2_7_ "4TT_OrF -- DFRUG

ST_A - FFN -- SInURCE STATEMENT

DATE

IFN

Gq TO I q

180 R m=,__. 6 #,7;_R

18m R'4CST=I.PSh_R_L/_M

_M=I._÷_.2_R

FMCST=. }')_,7.-_P,_p_ I /FM

S!IM=T÷S +r_ MCST+FMCS T

CYL T I _,=r). I mS_J_

CY! C ST=_ ! NT ( SIJm+MF TLC S )

Y =nEJ__C_,L- I_tW_C R ) 12.

IF (X_( X*4g. ) • ( R_÷L F) / ( 9ELR l Z*SHAP-I) ,RF,LF |. L_. AO00. )

C YLCST=F Vl.CST +Tnn,

CvI. TI ",_,:C YL T Im+PO.

qrl Tq i _,)

187 IF (C_IN_TC_.K_oA) (,G TO IR9

IF (m. FO.21 GO Tq ].q._

Hqtn, 1=gYLTIm

HqLD?=CvI_CST

L=LC_ HS I SNAP)

Gn Tq ]e__

l RR CVl CST=CYI_CST÷H{)I P2

CYI T I,4=FYL T I _4÷HOLP i

L=LC( SHZ%n )

C COMPIIIb COST OF- FLANGE

IR9 FLqCST=O.

FLqT I _=').

_r_ (CO,,!GIC.E).I.!J_.CUNFIG.EO.H) GO TEl 210

_n T_I { IO0,2Dn,IOO),METAL

C _L A_q rlc

]OO FI_GTI_=_IqT(2.O_P¢O._)

IF (_.GT.A.) GO TC 195

_I_GCST=_I_'IT(IR,O_R+O.5)

____G___ Tq___.? }.",

GO TO 189

195 _t gCST=_ T NT( _4. n_:_,+O. 5 )

Gn Tn 7].n

C oF-

2GO FLGT I m=_ I _TT( 3.2_P+0. i )

IF (R.GT.5.) Gn TC 205

CO Tn _ ] q

205 FI.F;CST=A, INT(_6.;)_R-300.5)

C C_\4r)IIT p CI]SI IIF BlnX

210 IF (qOXTP.En._) (;0 TO 227

IF (R;lYT'},F(,I.2 | O{l TO 215

GN TO P _n

215 IF {R.GT.A.) G(] T{: 220

C S PO_It

R=I P, eP _-_q_+,

GO T q 27g

S

S

S

S

S

S

S

S

S

S

S

S

S
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? q 7__z_I F_QE_E__-__.Q_F___JG............
ST'_ A - FrN - - snuRcE STATEMENT

2_20 &=P. _-4_..

225 _OYCST = _ INTI,_+_+]_n.+d. 5|
CQ T"I "__,",

227 _Q×C£T= _.

230 nUYT[ _=#'. ] _RqYCST
C CqM_UrF C')SI q_- Jf_[Nf)FJG

e=}

235 Gn T[] I _4n,_.£,2o(l,'_ET^l.

240 l_ [_,F;T._.,) _n rrl 245

TOOL-- o(_. +_P _Q
GQ T ° _)

250 WELq: 7. _,_c:

..................... J_q.[_,I !.=._ I '{_r ( t P_nJ_+_!t I_r_+. 5)
ic l_.r:,T.6.l GO Tq 255

TrlnL=lO.,_ (p- t. !
GIJ Tq __Af"

255 T Ir}_l_ = -":'o. * R- 7 E .
260 Jnl_=_]''_T|Trq!ql ÷wr-i D+.51

GO TO _PO
C FE

265 If- l # .GT.A. ) qn TO 27n

TOOL=IO._':I l-t. I
WFLF)=q. ;x,_+_.
Gfl Tq ?75

27_ fnnt=le., _7_P--r;t.

_DATF
- - IFN

S
S
S

S
S
S
S

S
S
S
S

S
WEI D=lfl.+s.r_:

276 JI}l_} =A [NT (TFqL +WELn+O. 5!
IF (_._,pc.6.1r; F) TA, 2£0
TfIOL==.*(_,-I. I
GO Tq 2££

280 TCqL=_.7_3*_-9£.

2.85 JnlN_:,_T",IT(TOOL+W[-LF)+(-.5!
GO Tn 3e')

RF

2qO mACH=?. _,_R

J O[ NI =A _' "-!T (_.AC H+GL U[+O. 5)
Jq[ N?=JQI NI

, . " h

Jl) [ N3=_'_ ] _]T I'm5C H÷G[ UF÷O. 51

303 Ir {CNN:1"G._'c.! 1.A_!FI.CON_IGoNE.I2| GO [O

I c I'l."!_:.l I G,I TO 305
_i0

S
S
S

S
S
S

305

Jq! N%=Jnl N_
#}X_Lv lrci) JII!N

Gn Tn _ j

q=RS[4nqK!

S
S

S
S
S

S
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_RTR NITRn_F - _FRIIC. DATE
ST_RA - EFN - - S(]URCE STATEMENT - - IFN

JOIN3=J_IN4 S
JOIN4=HnLDI S

310 IF (CON_IG,E.q..7,t]R,C{]NF_G,EO. 13! GO IO 315 S

I _ (HTS(]P,NF,t_ANO,HTSt21,NE,I) GO TO 315 S
COMP'JTE HEAT TREAT COST S

HTC 5T=20. S

HTTI _= ] I. S

Gn T_ _,_0 S
315 HTCST=O. S

HTTI_=O, S
320 JNCST:JHI (CP.NF IG) =JOIN |÷JN2 (CONF IG l:Jnl NI÷J N3 (CONF I G) =J 01N_ S

I_ lC_lNFIG,Eg, I].OR,CONFIG,EQ.12) GO TO 325 S

IF (CONFIG._9.4) JNCST=2,*JNCST S

GO Tq _.30 S

325 JNCST=J_ICST÷JO IN4 S

330 JNTIM=O. I_JNCST S
J

ASYCST=400. S
ASYTIM=49, S

FNGCST=_L GC_ T*O;L (CONF I@| S
FNGTIM=FLGTIM_tFL(CON_ IGI

CST_LK:O • S

DO 335 I=I_7 S

3_5 CSTRLK:CSTRLK÷BLKCSTI I I S

T I MBLK =n. I *C STALK S

COS T (ALTNT )=B ASC ST÷ WNDCSI÷_RMC ST÷ SIFC ST÷J NC ST ÷CYLCST÷BOXCST÷FNGCSTS

I +HTCS T÷ASYCS T÷C STBLK÷FSKCSI S

T IME ( ALTNT !=_ AST IM+WNDT IM+FRMT I w÷ STFT I M+JNT IM+C YLT I M÷BOXT IM÷FNGTIMS

I ÷HTT IM+ASYT !W÷TIMBLK÷FSKTI M S
C

3z.5

CHECK AND AO.IUST T3'S S

[F (CQNFIG,LE,4) GO TQ 3_0 S

IF (CONFI(;.E_.T.nR.CONFIG,E9.13) GO TO 345 S

T3r)c ( 1 )=T2F)S( I ) S

GO TO 9Si) S

T3FIC ( II=0. S
350 GO TO (_55,360,365,380,3@0,365,365t360,3@0,365,375,375t3651,CONFIGS

CON_G ! 2 3 4 $ 6 7 8 0 10 II 12 13 S

355 T3DC( _1 =I3r)c(1) S
qt) TO 3R n S

360 T3DCI2)=T?OSI iI S

GO TF_ '3R r) S

C

365 T3qC( 2 l=r), S
GO Tn 3qO S

375 T3DC( 2I=TP_nS( 2 ! S
CHECK PPIMARY RHOTeS S

380 IF ICONFIG.EQ.7,OR,CONFIG,EQ, 13)TIDSiI)=IHICKW S

Gn TO (_5,3qS,3_C,395t, 3851390T390,385v385,390t395,395t3701 _C_FIGS
CqNFF, 1 2 3 _ 5 6 7 R 9 I0 II 1.2 13 S

385 TIDS(2)=T]F_S( I| S
GO TO 395 S

300 TIDSI2)=TNICKW S

RO=RHOW_'q_ 9-,5/+ S
IF (CONFIG.E').7,F_,CONFIG,EQ,]3! GO TO 398



2e78 MITRF_F - D_BUG
ST�PA - EFN SOURCE STATEMENT

CnNFI_. Eo, R,6, nP I0

RHOTI(I}=PHO(METALIITIDS(II_2.54

RHnTII2I=R_TInS(2!

_HOTR(I_=RHU(MET^I |_T3OC(1)*Z.54

310

DATE

IFN

RHPT3(2)=RD_T3DC(2)

GO TO 40]

395 Rn=2.5_*RHO(_ET_I |

398 DO 400 I=I,_-

_HnTI(II=RO_TIDS(I )

400 RHnT3( I)=R;I_TRqCII I

C

401

SAVF nESIGN THICK"_ESSES

T_qL ( _! T"_T )=T3F)C ( I )

T3DP ( A[ T,",_T ):T3DC (2 )

T ]DL( ALTNT I:T Ir)S (I )

TIDQ ! AL T"!T )=T IDS (2 )

SAVE DESIGN RHn-T'S

S
S
S

S
S
S

C

RF)TDILIALTNTI--QHF'TIII)

ROTnl R ( AI.T_,_TI=R NF_T I I Z l

RnTD]L! ALTNT} =c'NnT3| I )

R[ITF')2R( AL T"_T) =PNnl 3(2 )

C"IMPUTF NtJ_4BF_S FF)R

DO')IALI AL.TNTI:RH!ITIA( I

USE IN RHC}-T

)-RHOTI (I)

R ANK I NG

S

S

S,

S

S

S
qROIAR|ALTNTI=PHf_TIA(2

r)_O_AR(_,LTNTI=RHqT3A( 2

DRO_AL{ _LTNT)=Pw!_T_A( I

PO=O.

IF (F)R(n'_,_L(AL Th'T ). GF. 0

IF (O_,n] hP,(ALTNT). GE. 0

I-_HOTI|2)

I-PHOT3(21

I-RHOT_|II

.) Rn=l.

.l _O=RO+I.

S
S

S
S
S

S
IF (qRO3AL(ALTNTI.G_.O.) R�=RO+I.

IF (DRO?_P(_IT_T).G_-.O.I _n=R(l+l.

RQI_MRR(_LTNT)=Pq

r)RF)TL 1 ! ^I TMT }=WT ( 1 )*DRPI AL (AL TNT l

DRFITL2 I_I_T_'!T)=WT (2 )_DRNIAR (AL T NT)

DPOTL3 (ALTNT) =WTI 3 ):_DR F_3AL (ALTNT )

S

S
S
S
S

S
r)PnTk4( AL T NT t =WT (4 )*_R O? AR IAL TNT ) S

410 I_: (LINFS.I F:. 5"-) GU TI] '-,-I_. S

C PR I_':T HEAI_En S

LINES=_ S

r_ INT I0 C'I S

I001 FORMAT (]NI,3_X,I_HWNCR ....... CHECK,BX,25HDNCR ......... ....... CHECS

I002

415

IK,RX,IIHW I N n O W,TX,IPHXSPACE.......CMECK) S

PRINT 1002 S

Pr]RMAT (I_8,12nHALT CONFIG SHAP RA!)IUS LENGTH WIDTHFL WNCR DES

ILWNC_ DNC_X Z X RAD qELDNCR OELR3 THK DFL SHTS BOX TYP S"

?BnX HT _ELHIII ) S

IF (SIDFg. EO.]) G_ TO 420 S

420

425

I_!VE_T J Tq GET PASS S

PASS=_-J S

SO TQ 47q S

PASS=-I S

l=J S"

DR_TTLIALTNTI=DROTLIIALI_T)÷OROTL2(ALTNT)+OROTL3(_LTNT|÷DROTL41ALTS
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2.F_2J:L __.I_Z.... F.Y2._'_..... t3LLG_................................................... DAI_E____
-qT'q?_ - _v'.! - - £QLIO, CE SIATE_'ENT - - IFN

I'JT) S
l'J]l _1 T_!T) --t,L T_!T S

TI'._Nq| &l T"JTI :_1 T'IT SI

C._S_TN;] [ AL T",iT ) = '%t T/'q ............................................... S
C F.!q(:_[ 1-',,IT) IS
C P._ tr'JT i)&T_,

L ['\_?. £=t_ ! ',l_ S+]
_=_n?.!( T l

N=',4 TR ( ,1

..................... b.2_Z_CLB'T1 '4U__
SN= c,Hr:F T %
jiz ( ")t.Q%IC 0 F )l_:). )

oqT_!TI,:-_,','_, _1 trNT,I ]
t)l.l_JC'c,,r_-I _3, T'tlrk

.................. '#%I_TF_ (l) °'_£)'--,,'Xl l

] {.!'!#:')(_) ,:T_TT_q(J) ,

2 T2II I),TPlOr'(I),

WRIT!-- (Pl D&'_F,,AI ]

! T?&( I),T] _( I } ,3r-[

", ]£TI_T__: {,J) ,L4STTF':(

.............. _"_tT,L_ (?) P",SS,'_L.1
1 RIIXC-£],,I'4C% _-,C,,)l"_

.J.cL? FOK PrFER_MCE [\1 RA._TK ROUTIME S

S

S

S

S

......................................................... S__

S

nI D_,:C4, =n • S

TqS ( CUNF IG! ,+Ifi_.K,q, L, WFLANS INNC R, DFLWCI_, ONCRX ,O,S

W, NF) ,S_ , TYP (B_)X TP | , BO XH T, DELHI S

• _. f_, _n.3 ,P7. 3, ¢3.3 , I--7.3, 19 , bX, AS, 2F9.3 ) S

,; T_.,L_I.LR_S(_._C_q__._F.I.5_)_, 9.-#_.L_Z_t_C?F_!. Y_l., DE L__Z,AI-p H (M_F:T A L.)_.t__S
HFAT(N) ,TBI (.I}, 1"3IPRU(J) , T_FX(.I), T3F[ J) , S

l?r (I) ,Till I),TIIPR_II I),TIE(! ), lNFqE[ J),INEQS(I)S

'_T,LTTKSICnNFILI,T_nC!JI,T_DSII I,T]DSI I),I3A(J},S

13AlJl,n-ct I_AIII,.qELTIA(1),KIJI,VINITIJ),VlJ), S

JI,_STIF r-(J !, BASCST,WNOCST,Fo_CST S

_;T, L T T '_S (C .Jr,iFI_;| tC_.XI_._St.,H TC..ST__LS.T_.ECS _ FL_G_CS T_i S
{s;ll"!T ) ,P^SIIM,WNF)[I_,F{:MTIM,CYLTIM,HTTI,,STFTI_4S.

? ,FL';TIV,q'IXTI_',J_ TI'i, TI:';FIALTNT) S

IF (CI"cI(,."-_.I.!_r.CJ;r:_IG.G_._) ('{) Tf, #'3t) S
X =')+'_E [ _,C.'._

HA!.C=o, 17.

............... y=y-_i A.I r
r'i I Tq _%

430 Y=,>.

Y=O.

HhI _ =_5.

4-_ w_TT c (r) o.z_%S,_ITqT,LIT_.S(Fq_,IFI.,_I,CSfBLK,TIM_LK,X,HAI_F,y

............ IF (SIT_r:S._O.l) .r;t Tr 4(_,.('_ ............................................
12_+ C I_TI'_ i'r-

I_ (I.;n.7) ,'r; Tf: ,.z._:

j=,->
C,I TG c)

44C' PP, I"! r 1 '-" ! 7

1017 Fn'?M&T ( "# Y )

fIN#S=! ['JPS÷_

•,4A×A,I..T=AL Ti'!T

,_I_T_,il= _L TK'T+ i

4321 £{:_:TI'_i r

F_q

S

S

$
S

S
S

S

S

S

S

S

S

S

S

S

S

S

S
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$1BFTC SPHR DECK
SUL_ROUTINE SPHERE(SS)
INTEGER CONP IL;_SrI_P_WORK_m$_T,LRt'I_ALTNT
REAL LF,IL}, I_A #

COMMON CO,"4F I G, SHAP , Y_OR,<., WNCR, DP-LNCR _ BLKC :_T, P,Q _B, RF _ LF _ DNCRX, E
1 _NCRX, OLFtSX ,_I L, _ i bA ,, ADPNLF ,, bLLR1 , _i- LR2 ,DLLR3 ,,DELLF _ Dr,ICR 9 DELWCR
2 _,DLL)NCR ,, L I NES

COMMON ICI RC,LC_LCRHS,WFLC c

COMMON /SPH/ RS,RSRHS,.^;'FLS c
COMMON /STIFF/ ISTIF-F,t_bTIFF,HSTII"F,F_D_G_K_THK.2,V,,VINIT ._
COMMON/WND',_ /'.'JD ,_TH I CK_'!, :<NDC 5 T _ ;.NO T I M _,SHEET S _ RHOT';, ,, RHOV_ND c
COMMON IXSPC/ HI_H2,VI,V2,DELH1,DLLH2,DELVI,DELV2_BOXTPgBOXHT_

1 SPLHT L
/STR/ CONFU,SHAPE,COSI ,TIMF,MAXALT,RO;_MI3R,ORL, TTL_NO,DROTLI,_C(.;MMON

1 URL:,T L2 _OF_UT L3 ,,DR_T L4,, L)RO 1AL _ U.'.'EE;1&R, URO3AL, O _O 3AR,, RHOT 1A _ RHOT 2A, .c
2 RhCT3A, RHUT 1L 9RHUT 1R, RiiOT 3L, RHOT3R, T/MNOgCSI"NO

3 ,FSKCST_FSKTI_I L

COMMON /raPT! WT,NTNSTY,ALTNT,ALPH
COMMON /XCI/ LNE..JC,INL_I1L,IIE,T2I,TZE,T3I_T3E,RATIO,HTC,HT&, C

i TIDS _1"2D5, T3DC,T 11 PR,'i,T2 IPR,'I,/3 I PRM_T IA, T2A _T3A,DELT IA_DELT2A_

2 DELT3A,TSEX

COMMON /14TL/ Y,ETAL,E,YPSTRS,bF,C,EL,RHO,ANEAL,DCRIT

COMMON /FR;._/ FRi,ICST,FR_'iTI,',,TREXT_TRINT,FORM S

COM,_ION /FINAL/ TERM(i",3) ,NNN

DIMENSION oLKCST(7) ,RE(2) ,LC(2),LCRHS(2},RS(12),RSRHS(12}, S

1 1311 FF {2) ,bSI IFF (2) ,iqS[ IFF (2) ,K,{2) ,Vl2) ,VINI T (2) ,CONFG{ i00) ,, 5

2 SHAPE( lOG } ,CObT (I,_C ) , T IME( it 3 }_RONMBR(1,qO) _LIROTTL(100) ,NO(100) _ S

3 DROTLL ( 1 _,,0 ) ,DROTL2 (180) ,DROTL3(100) ,DROTL4(100) ,DRO1AL(100) , 5
4 DRO1AR(lOO) ,pRO3AL(I::'Q) ,ORu3ANI lbu} ,RHOI 1A12) ,RHO_2A_2) ,RHOI3A_.2)c

5 ,RHUT 1L(2) _RHOT 1R ( 2 ) ,RHOT 3L{ 2 ) ,R_OT_R{ 2 ) _,T 1MIiO1100) ,CSTNO(100) , 5
6 WT (4) ,ALPI4( 3 ) , IN__QC(2) ,,INE_S(2) ,,Ti I ( 2 ) .,TIE( 2 ) ,T2 I (2) ,_T2E( 2 I _,

7 T31 (2) ,T3E(2) _RATIO(2 ),HTC(2) ,HTS(2) _T 1DS(2) ,T2DS(2) _T_DC(2) _ 5

8 T21PRM(2) ,T31PRi4(2) ,TIA(2) ,T2A(2) ,T3A(2) ,E(3) ,YPSTRb(3) ,SF(3) , S

9 C(3) _EL(3) _RHO(3) ,ANEAL(_) ,TRF-.XT (2) ,TRINT I2) ,FORM( 2} _T IIPRM{2) 5

i _T3EX(2) ,DELl IA{ 2) ,dELTZA(2) _DELT3A(2) -
SHAP=C

5 SHAP=SHAP+I

BLKCST(3)=O.

WD=O,

THICKW=O,

SHEETS=O,
_o99999 N+32JK2P2 W_ CgT = O,

WNDIIM=O,
WORK=SHAP

CONFIG=8

WFLS=WFLIRS(WORKII

DLDNCR=DNCRX-2,_RSISHAPI
DNCR=DNCRX
WNCR=WNCRX
DLLRB=PLRBX
DELWCR=WNCR-WFLS

IF (DLLWCR._L.O.) ,_O TO 10

WNCR IS LESS TmAN WFLS

WNCR=WFLS
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C

C

STORE BLACKMARK
BLKCST(3)=BLKCST(3)+IO,

CALL SUBROUTINE FOR PRESENT CONFIG
DELWCR=WNCR-WFLS

10 CALL MONTOR
IF (DNCR,LE,(2,_RSISHAPIIIGO TO 15

INCREMENT IF POSSIBLE

DELR3=DNCR/2,-RF

WORK=WORK+2

RS(WORK)=DNCR/2°

WFLS=WFbIRS(WORK)I

DELWCR=WNCR-WFLS

IF (DELWCR°GE°0°) GO TO 15

WNCR LT WFLS

WNCR=WFLS

STORE BLACK,ARK

BLKCST(3)=BLKCST(3)+10o
15 P=(WNCR-LF}/2,

Q=-p

IF (DELNCR,GT°(WNCR/2,)) GO TO 70

INSIDE
IF (DELNCR,GT,P) GO TO 30
IF (DELNCR.LT.Q) GO TO 17

CONFIG=9

WFLS=COMPUTED VALUE FROM PREVIOUS SECTION

SET CONFIG TO SFS - 9

CALL MONTOR

IF (IB.GT.IBAI GO TO 110

CALL WINDOW(RS(WORK))

IF (WD.GT°(P-DELNCRII GO TO 25

CAN HAVE WINDOW AT LEFT END

IF (WD.LE.(P+DELNCR)) GO TO 20
IMPOSSIBLE TO HAVE WINDOW AT LEFT AND NOT AT RIGHT

NNN=NNN+I

TERMINNN,1)=I

TERM(NNN_2)=ALTNT
TERM(NNN,3)=WORK
GO TO 110

17 NNN=NNN+I
TERM(NNN,1)=2
TERM(NNN_2)=ALTNT

TERM(NNN,3)=WORK

GO TO 110

X IS LENGTH OF FLASK PROTRUDING FROM NCR

20 WFLS=LF+2°*WD

CONFIG=13

DELWCR=WNCR-WFLS

CALL MONTOR

25 IF (WD,GT,(P+DELNCR)) GO TO 110

PUT WINDOW RHS
CONFIG=10
WFLS=LF+WD
DELWCR=WNCR-WFLS
CALL MONTOR

GO TO 110

5,

5,

5,

S

S

5,

S

5.
c

S

S

S

5,

5,

5,

5,
5

5,

5,

5,

S

5,

(

(

5,



30 IF (DELNCR-Q) 35,40,45

35 WFLS=WNCR

CONFIG=I2

RADIUS LHS WILL bE DIFFERENT TrlAN RADIUS RHS

X=Q+DELNCF<

RSIWORK)=SQRTIX_X+RF_RF)

X=Q-DELNCR

RSRHS(WORK)=SURT(X_X+RF_RFI

DELWCR=WNCR-WFLS

CALL MONTOR

GO TO 110

40 IF (QoGT.P GO TO 45

NNN=NNN+ 1

TLRMINNN, 1 =3

TLRMINNN,2 =ALTNT

TERN(NNN_3 =_QRK

GO TO 110

45 IF (WFLS-(WNCR-(P+DELNCR)_ _ b0_55,60

50 WFLS=_NCR-P-DELNCR

55 X=O+DELNCR

R_RHG(WUR_)=RS(W_RR)

DLDNCR=DNCRX-Z._RS(WORR)

RS(wOR_)=SQRTiX_X+RF_RF)

RSRHS E_UALS ORIGINAL RS

CONFIG=ll

DELWCR=WNCR-WFLS

CALL MONTOR

IF (ID.GT.]uA) <,0 TO ii0

CALL WINDO_(RS(WOR_)

[_ (WO.GT°(P+OLLNCRI GU TO ttO

CONFIG=IO

WFLS=WFLS+WD

D_LWCR=WNCR-_FLS

CALL MONTOR

GO TO [I0

60 RSRHS (WOR_)=RS(^_R_

X=Q+DELNCR

RS(WOR_)=S_RT(X_X+RF_RF)

CONFIG=II

CALL MONTOR

IF (IB.GT.IBA) _0 TO ll _

CALL WINDOW(Rb(4ORK))

IF (WFLS.Gk.(L_NCR-P-DLI_NC_+WD)) GO T_ 65

IF (WD.GT.(P+DELNCR) } GO TO fig

WFLo =WNCR-P-_LNQR+wO

65 CONFIG=IC

DELWCR=WNER-WFLS

CALL MONTOR

GO TO ii0

70 RSINC_=RS(1)+IIDNCR-WNCR/2.)_LF/(Z.#RS(1))

OUTSIDE - CHECK FOR SHIFT

DETERMINE t,IINIMU_,t SPHFRE SIZE NECESSARY

IF (_ORK.GT.1) GO TO lqO

MINIiq_M SPttERE

WORK=WORK+4
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R5 ( wORrk ) =RS I NCR

DLDNCR= DNCI_ X-i'7.S ( ,',.'©R K, ) *2 •

C FULL SHIFT ROL;TINE

73 DL L,,,.,C P= WNC R-WF L5

IF (DFL,FCR.GL.O.) G<) IU 75

Wr LS=WFL ( F,b ( Wu;;,r,) )

WNCR:WFLS

C STORE BLACK '.lARK

BLKCST(3)=ULKCtST( 31+] ".

75 CONF IO=9

CALL MONTOR

C .SET CONFIG 9FS - 9

IF (IS.GT.I_sA) GO TO llC)

CALL WI NDo¢,,( Rbl NCR)

D=(LF+WNCR) /2.-DNCR

IF (D.GE.C,.} GO TO 85

C D LT O - SET D POSITIVE

D=-I)

C PLAjK, I,_ CuZ,IPLLTLLY OUTSIDE ,NCF.

IF ( (L)+_,.F-LS).GT.WD} GO TO 80

C TOO _'4UCH WINDOW dEFLECTION

I_- ((WD-U).GT,wNCR) GO TO 11]

DELwCR = dNCR-WF LS

wFLL= ,.TD-D

C CONFIG SFW - 10

80 CONFIG=IO

D E L ,'7C R = ,,,,N C R- WF L '.J

CALL _4ON I Ci._

GO TO lln

85 IF (i,_FLJ.bT.D) _O TO 95

C :;FLU Li- D -

QC IF ((D+,,;D).uT°WNCR) GO TO IIL)

WF L <,_,= ,b + i,- p

GO TO _.

05 IF (.';FLL.LE.(D+¢,'D}) GO TO q0

GO To 83

1CO IF (Ro(.';',/_,K).c_T.R_INC2) r.O TO 105

C FIJLL 3111FT NECESSARY

WORK = ,,'ORK+4

GO TO 73

11) 5 wORK=wQRK.+B

C PARTIAL oHIFT ..rILL ?L, FI-ICL - RL, bT RSINCR

RoINCR=2b(WOR,'_)

GO TO 73

llO If- (5HAP°LT.L,S) (JO TO 5

RETdRN

ENd

S

S

5

3

b

5

S

S

S

S

o

S

S

S

S

S

S

S

5

S

S

S

S

S

S

,J

S

S

S

S

S

S

5

S

S

5

S

S

S

S

b.

S
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.__Z..._ ,IT['3FF - __U5 ..... ..... L)AJE

.{.,,. ,, - rr-'l - - SnllRr "_- STATFN'_'T - - [FN

C |4[_ ; ,'-,,.IrT"_

............. C_ ...... aN" TI'! r. ..

R

,''"_5 ALl_ _'IT"T'S &Sr:F'POING Tn _Hn-T, CQST, q

. . _R

[",'r_*}.--r, ST_'r,,_f;Ir,,&l r "qT ,,r,'",'K ,cr_'_G-,,qUKC-ST,RHV, TI'-I ,RF)NMRR R

]. yT:-)'_,ir';l II _ f'(,_ulr!,[.Sf"l',l_ll'_l_f_v(:lJNl-['; o• ,, t ,

_EtL _ _,,cy R

C'q,,._,_ l._ _,l"j_:! ;,(-:_',F,_,IIp, KtW'4CO.QELNCRt _,LKC£I'_p,'D,_,RF_I P,DNCRXt R

1 ,^_!C" X ,'_L_ _v , | ° , I # A, '_14V.NL r _ R_ l P.| , I)FLe ?, qE LR 3, DEI.LI= _ ONCR _EL WCR R

2 ,Z'Lq"_C_",I 1_''_S ........... R

CI!,_ 'q'_ I'.I . r ,I C,LCRHS_WI-IC R

c. YI 4q'l ISPHI _'.e,PSi_t_S_IFLS E

_.,l._"4q'_J ISTI_I IST|FF,RSIIFFI_4ST|FF_I-_D_f;,K,IHKZ_V,VINII R

r(.'""4"'4 IZSOr, l _-_1,_ ::',V1,V,_,i)ELHt,nlttHZ,O_l vI,r)I-LVZ,,RO_TP,BQXHT, R

..... I S'_LU T _

r_,,_\l /kT'l r_.,__,S_^p_ ,rr_s{,ti'/F -,''^×_LI ,RF_xlM_,o,'y°FqTII.,_,_O,ORUTLI,R

1 i]'T_r)Tl?, )_'O11 {,')_'_II 4._')kf'lA[ _q_.'{I]A_'_!)RPT'_AL_qRD3AR_RHDTIA_RH(]TZA, q

_]T _,_,_IT 11 , 4HI" T 1 < l PUf_T4L, l: t4nT ?R l T I mNf? _C ST l_lf'_ R

, F:gKCST. I-gw"T [" R

CI]'4M")N /\!i)Tl "T,",T".':,TY_h, LIN'T_ALPM R

] TI')'_,T?}S,T_"r,T] !l_'a_f/lnq_,T_IPRm, flA, T?I%,I_A,OFLTI&_DELT2A_ e

"_ ')rLT 3_, T?rV. R

"I '_'4'q',l I.'TI I _T T'! ,_ ,Yt_ST_S,.S" _C, #I._'.!'-.IrI_/','4EAL,r)cP IT R

(fl_*"Irl"4 I l:_: '_1 _ l_ ',_rSl lt"l_;'ll I ''_ , li>t XT1 I-r I ",_T, t-f,I4"l R

({ I-'Z ,'i q 'l I_)'IWCI TI'H ,llno,l_!)l._l? _: ,P,II'111 _#r_l D]k,oqf')31 _qlGTO3R R

_fvr-_,_gf.._.j u I _C_:T( (),#r (21,LCI;'),I C._HS(21,oSl]_2) ,'-'SRNS( 121 , e

I IgrlCFl'-_l,r-'gtl_l (<'),HSIIFI-IZI,KIZI,VI/I_VINIII2I,CFINFG|IOOI, R

._ g*-_'_l:(l 'rI,CIISTIIL'_]I,IImI:IIUr),P. ONMBP. IIL"'),")Rtq_rTLIIC)OI _NOIICO)_ R

"_ '':;'_TI ](_",'l,rT.r"lTI )llP'Cll"llflfl'_.llO. o)vrii4F'If!_4llC,"l)lr)Q(ltALlinPil R

_!;_Un_1L_'_J_``_'_-`_;_UT_L_/_iRH_-_-_,W_l_3)_CSTN`q_J._ q

A ,_t(._.} ,_I _-'_l : 1, l'il '.rl?l,I_JcOSlZl,TIll 21 ,TiP IZ),T31 (Z) ,T2FIZI_ R

7 T :I(?l,l _.r( _1 , ^l IPl'_),;"l'['12) _NTS{ :'),TLIIS( ")-I,T.?i'S( 2)_T_OC| 2}_ q

T:YIP-_'_I'JI,I :.l'i'"|;:'),IiAl21,l:)Al)litTA121,c{_,|IYPSTRSl'_liSF|3)i R

a rl?l,rl ( _l,*'_4,tl _1 ,_[ALI _,lIlr EXI 121, relr,._F( _1 ilcn_4(21iTIIPRi|2) R

] ,1 ll'-X(_') ,'11 I f}_'(2 ),rli-I 'l'2AI 21 tf'_El_T34( "71 R

._ 2. ,TI'JLI] )r-I_l-lL)r'_ll_"_iif-- _01 11'icII[_OR-LIF.O-I,'_.CTDILIIpOIt'SQ-l'..qIR!IQO_I.I-R_

ui!T')}l ( ]O'_),'-'r;T_.. _l I lllq) R

!_I......._gl _''i I.TT-:_( IZ I_SC&I. bI I'_.I,SCLTI_4I]OOI R

_AT_ (SCgl_lll,l=li131I].,_.,?.,_.i2._,?._t.,l.,Z.5,2.,3.,3.,i.l R

l _T'_ (L'FI'-'£(IIiI=ti]'4II_'H I')CP ,6H qC_-l.) ,6u OCI:::W ,i,('HqCFCO _6H DFDR

1 ,'-q fl_-,; ,-'_v.;c',(YL,_HSPH_RLI6H gVS ,e._4 SI:W ,eHSFSII ,6HSFSI2 _R

......... Z _'-4 .'_..7 g nil / ....... R

(_I! Fx'vgl t{! 'at, IFI r._;,-:., 7e,-r',441 R

qq _ _q" I =]_ "_ R

_-n'i_ _[I r I. R

llO'). PCl,'lN) L R

r..!!, _-[1_:: g R

_ F-'{ '_ l N!'l _ ...... R



317

.2.B..Z.i_ ._4_T._LD_£t- - ,DEBUG ................................ DALE____
R_K,_ - _P_' - - SQURCE SIATE_ENT - - IFN

L IHFS=] ?n R
1150 I r- (I_I__F%.LF._/_} GU TO 1160 R

C PRINT _4_:Ar_F-F, R

. ._R.2J._N!__l_q__.q._ __ R
1004 Fnpm.&T |lHI,I4X,17HXSPAC£ ..... .CHECK,3 v L I N D E R_7X, I6HR

1 HASF i)(: £DHFPF ,_"X,?SHCQ_WN nF SPHE-P-.F INEOUALITY//) R

pr_TNT 1.c_ R

1_05 Fr]P _#,T (I N ,131HALT CONFIG r)ELH2 DELVI DELV2 METAl_ FORM RATR

ITn HeAT T_I T_IPM T3EOR T3E T2I TP_IP_ T2E TII TIIP_ TR

.._2Z_L___.C_.Y_L____S__U / f } R

LTNES=_ R
C N,qW _E/_n F_TA R
I1eO RE&q {1 ) J,ALTNT,LETTRStDELH2,DELVI,DELVZtAL_TL,WQRDS,RAT,HEATN, R

I T_IJ,T_| P,T_EXJ,T__EJ, 1211,T2 IP,T?EI, ft I I vTII PITIE[ , INQC, INQS R

IIRO PRINT 1006, ALTNT,LFTT_S,DELH2,DELVI,gFLV2,ALMTLtWOROStRAT,HEATN, R

....... _L 3__I__J_.T}IP, T} EXJ, T3EJ. T2I I, T21 P, T2E I, T iLIjLT_L!___P_.£LEJ__I___QC,_INOS ___gR

i005 ¢:[_PuAT ( l_ ,T'_.IX,A6,3FR.3,2X,A2,3X,A4,FT.3,IX,_,IX,4F6.3, lX_ R

L T{"FS=I lhir:-£+]

IF (,I._-n.2) GG rn llAq

1170 °PIT',IT !-" '

............. 1DP9 F?_'_,T ( LA)._
l 1")£--<;=1 Iqr-S÷l
1 _ (ALT_T.LT.;,IAXA-LT| GO TO
L 1', _£=1C,9

i190 IF (L|_S.LE.6Z_) cr) TO 12_00
C _R TNT _4__ADcp

P£INT lOq7

]I50

R

R

R

R

R

R

IOC7 FnP_&T (IHI,]IX, 5_HDESIGN THICKNESS

]Ll_W T ' S,gX,12UVON IISFS CK,6X,13_IS

2 )

PRINT IC'{;_

i00£ K.]P_4AT (IHO,I/OW_,I l CQNFIG T_DC T20S

................ L!2__LT_.,___T?_A__E.LT1A S__TIF VINIT VFJ.__N_L___
2C "7>lq-r) Iz:lr4'_lll

12nC RF ^F) (21 J,AI-T_IT,LPTT_S,TTI)CJ,TQi)SI,TIDSIiT34J,T2AI,TIAI,OLT31

i rILT_,_| TI ,K I,VIN,VJ, I ST_,HSTF,RSF,F)A_SCSI ,WNDCST_FRMCST

1220 PQf>4T lone), ALTNT,tFTTRS,TBDCJ,T2DSI,TIOST,T3&J,T2AI,TIAI,DLT3,

.................. 1 P L_T'____LT__J_VINIVJIISTFIHSIFII3_SF IBASCSTtWr.iD£STIFRMCST
1009 _nt._',t__T (1H ,I_,I_,A6,3F6.3,6ET.3,14,IX,2FA. 2_IX,F8-4,2FT.3,F7.1,

121n

c

.................I..o..]J?___,:__L4..AT(:Ht__,32X_L_]u__C

] F':,.],Fq. ] )
I I_!ES=I INFS_I

IF IJ.Fg.2) (in Tn 1200

PeINT lqnC

L I._'cS____!__I.NF _+ l
IF {_I.T,_,I .t.T._4_Y_L]) i';tl

IF- ILI_'_F"4.LE.541 G(J TO

P :-_ [ _'_T 1(1 !.P

0

Ti_ llqO

IZ4C'

S T_B_X,22HT

A l l W ..... T ' S DEL AR

T I F F,£X, IOHC 0 S TR

R
R,

'lIDS T3ALLW [2ALLW TIALLW R

ISTIFF HSTIFF RSTIFF BASR
R

R

R

R

R

R

R

R

R

R

R

I M El

R

R

R

R
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2878 M[TROF_- 9EBUG DATE
RNKA - FFN - - SnURCESTATEMENT - - IFN

PRINTI01] R
I011 FORMAT(IH ,52X,5HTOTAL,58X,SHTOTAL) R

PRINT 1012 R

1012 _O_MAT (IH ,121HALT CONFIG CYL HT SIF FLNG BOX JOIN R,
.I CnST PASE WNDO FORM CYL HT STF FLNG BOX JOIN R

2TI_E //} R.

lI_Eq=3 R

1240 READ (51 J,_LTNT,LETTRS,CYLCST,HTCST, STFCST,FLGCST,BOXCST,JNCST, R.

1 CST,_ASTIM,W_IOTIM,FRMTIM,CYtTIM,MTTIM,STFTIM,FLGTIM,BOXTIM, R.

2 J_TIM,TI_ R

1260 PRINT 1913,ALTNT,LETTRS,CYLCST,HTCST, STPCST,FLGCST,BOXCST,JNCST, R

i CST, BAST Im, WNDTI M, FRMTIM,CYLTIM,HTTI M, STF TI M, FLGT IM,BOXT IM, R.
2 JNTIM,TIM R,

1013 FORMAT (IH ,13,1X,Ab, F8.I,F5.1,3FT. I,FT.I,FS.I,IX,QF6.I,FI_.I) R

L INES=L INF S÷ i R.

IF (J.FO.2I GO TA 1240 R

1250 PRINT lOOn R.

LINES=LINFS+I R.

IF {ALTNT.I_T.MAXALT) GD TO 1230 R,

LINES =leo R,

1115 IF |LINES.LF.541 GU TO 1120 R

PRINT 1014 R
1014

=' 101_

1120
1140

10!6

1130

FORMAT (IHI,II×,I3HBLACK .... MARK,5X,lTHOUTSIDE ..... CHECK)
PRINT 1015

COR_AT (IHO,4qNALT CUNFIG BLKCST BLKTIM O÷EELNCR RAD/2.
1 //)

LINES=_

READ (8t JtALTNT_LETTRStCSTBLKrTINBLKtX_fIALF_Y ___
PRINT lOI6,ALTNT,LETTRStCSTBLKvTIMBLK,X,HALF,Y

FORMAT {IH ,13,1XvA6,2FT. I,2X,FT.3,2X,F6.3,2X,F7.3)

LINES=LINES+I

IF (J.FQ.21 GO TO 1120

PRINT lnOO

LINES=LINES÷I

DIFF

R
R

R,
R,

R,
R

R.

R.

R.

R,

R,

IF |ALTNT.LT.MAXALT) Gg] TO 1115 R,

5 PRINT oo9 R.

999 F_lPMAT (IHI,_IX,15HSHAPE NUMBERS,/I//tlgX, 9HCYlINDERS,25X,THSPHR,

IERES,//, I_X, 7_"INIMUM, 5X,QH INCREMENT, 12X, 7HMI NIMUM,5X,gHINCREMENT,R,

2//! 5HBASI C, 8 Y, 5HOE L_ I , RX, 5HDE L R3, 15X, 5HDE LR 2, BX, 5HDELRB//6HSHAP ES,R.

3qXvlH1, 12X,IN2,1-_X,IHIT12X_lH2t//// 8HOIAM-NCR/15XT !H3t 12X_ IH471gXR,
4,1HS,12×,IH4,/ '_HINCREMENT//// 4HFULL,41X, 7hJl TO 5 ,6X, 6H2 TO 6,R,

5115X,14H[)OESN'T _PPLY,/ 5HSHIFT,37X,26HI TO 3 TEl 7 -- 2 TO 4 TO BR,

61111 7HPARTIAL,31X, 8H(I TIt 91,6X,lH2 TO IOIISX,14HODESN'T APPLY,R.
71 _HSHIFT,_TX,27H1 TO 3 TO 11---2 TFI 4 TU 12, IIII15X, 52H 9 IS R,

8A FICTITIqUS SHAPF NUMBER. IT IS IMPnSSIPLE/15X,53HBY DEFINITION OR,

C

10

9F TH_ MINI_II _ SoHE-wE Tn PARTIAL SHIFT.IIbXT55HYET_ .NUMBER 9 IS NECR,
IESSARY cnR SHAPE NUMBER CONTINUITY.) R.

RHI]-T RANK P*3LITINE R

START=C R.

START=START÷I R_

NUMRER=-I R.

DO 50 ALTNT=START,MAXALT R.
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_NKh - FFN - -- SfltlRCE S I'ATE N4ENT IFN

2O

RJ

RJ

R_

_A'NK ;_Y III,;H_ST P,H.O-NUMqEP FI_S/

IF (PONM_,R(ALT_'TI-NUMBtRI 50,20,H0
THEN _IK _Y _IGHESI n_O I[ITAL

IF (D2OTTt(ALTNT).GT.OmOT) GO Tn :___C;
qO TO 50

_0 NU'4BER=_ON'_nR(/_1. rNTI

40 DRnT=r)P(tTTL| _I_TNT)
HFILn=_LTNT

HOLnI=_[I(ALTNT)

52__1 N_UFE__

I ¢ (HF}[O.FO. SThpT) Oil TO 6(]

C SAVE -'_ NLI_-_gFo_

DRqTTL (NFILD) =T-,VO,TTL IST ART }

rlROl rL ( START I :Pe_T

RF_!_BR!HnLF_I=_n_IV.BP,(STARI )

N_(,'-!qLDI =Nq(START)

NO (ST _ T I=Nnl_ 0 1

GO TO ]0

60 I_ (START.LT.m_×AtT) GO TO In
L INFg=lCn

n O v* _'X K --___ .__'._ t X____
IF (LINES.!__.I+71 CO TO 70

65 PR|_.IT ?n'_l

2001 FfI_MAT (IHI,IZ_IRA_" _LTHT C_':rlG

IINDIV WCIKHTEO qtLTA ALLW _HII-T'S

2'S : 1

PRINT ZCL._P
20C2 CF)P'aAT ( _! ,l I2q

RI

R,

R,

R,

R,

R_

RI

R,

R,
R,

R,
R,

R,

R,

R,

RI

R_

R H';-T RANK RHO-NO. R,

INDIV !)ELTA ALLW RHO-TR,

R,

R,
((;_ISqI. CMI R,

I (q','/%3. C_)

PR 1NT 200 _

2003 FORM._T ( IHn,12_H

11 nR n TL ,_'2 F),t_QTL R

.... 7 DR33 _ 7_I
PRINT ?OC_

2004 IzqF_M&T (}H,_,l-;2,_l
IP P_ IMRT SEC',HF

ZgEEr)RT//

L I_'FS=O

70 L:Nn(RN_ )

'_=C nN¢C,( L )
LtN:S:I l \IFg+_

]
2

2009
75

nRI)TL4

IGMISO.CM) I R,

R,

!]ROTTL DROTLR,

DROIAL _)RrGIAR DRO3AL R,
R,

SECORT PRIMLF PRIMRT

R,

PRIMLR,

SECDLF R,

R,

R,

R,

R,

R,

PI41NT ZC.'_c, p_iY,L,LTTRSI_),!IRnTTLIRNKI,R{INMBR{RNK)_OROTLI(L)_ R,
F)PF?TI_2(L),D_'']TI "_(LI, DROTL4IL ) ,OROIALILI,nRf]IAR{I I,DRO3AL|LI, R,

'If 'n_ _,c, ( i_ ) R,
F r17_'!_ T _(_I)___,.I__J__{';/_v, a 6, 7 X, i P_-] i. z+,5 x, I 2, 2 X, i P4E 12 •4, IX, OP4FS. 3 | R,

CIN!T I "i!jr- R,

1. T_.i_S : I.-,-i R,

Of 1 9q '_NK=I,"_3,'<M_T R,

I _: (LINCS.LE.47) G{J T',]q[] R.

PP INT H_J,r)E -p R,
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287R MITRFIFF - DkBUG OATE
qNKA , - EF:N -- SrlURC _: STATEMENT -- TFN

2005 _:nqq_T {IHI,122H ( + ALLW RHO-TwS - DESIGN RHR_
]q-T' S DE S [ C,N THICKNESSES CONF IG AL TNTRJ
? bANK} R,

P_ Tk!T 2006 R,
2006 FORMAT

1CM}

PPINT

2007 F_]RMAT

Ir_H ] T'_I_

_RINT

200_ CORuAT

IS EC*)LF

c) r_

(IH , PBH {GMISO.CM) (GMISQ.R,

|INCHESI} RJ

2q07 R,

{]HO, _HkHCT]At. RHOTIAR RHOT'_At RHOT3AR RHOTIL RHOTIR R_

RHOT3R T i -r)SL TIDSP T 3r)CL T "_DCR } R_

2nq 8 ........................ R,
( INn, IOC,H_G I'-II_F P_IMRT StCF)LF SECORT PRIMLF PRIMRT R,

SFCDRT PRINLF PP IMRT S __rr]LF S ECI)RT/! } RJ

LIN_S=O R_

L I_JkS=L IN =S÷ I RJ

I :Ng{RNK) RJ

M=F qN_G {L } R,

C PRINT DAT_ R_

_)qINT 201C,, RNf_TIA(II,RH{]TIA(2),RHqT_A|I },RHOT3A{2), R,

1 RnTf)IL(LI,ROTDIR{LI,R[IT!]3L|L} ,ROTr)3R(LI,TIDL{LI,TIDR{LI,R_

2 TDF)L{ L) ,Tq.qP(t | ,t TTP, S(W} ,L ,RNK R,

2r_I0 Fq_IAT {IH _6.],9(FT.3tIXIyIX,4FH._,G_t4FS.'_.3X,A6t3Xtl],IS) R,

qq CFklTINUF R,

C

Dn aq I=I,MAXALT R,

r'qN_:Ifi=ClNFr.{ I } R,

qR SCI TI_I(TI=TI',_III/SCAI _ (CDNFIG) R_

NqW PEPFfIR>I R_NKING BY cnsT R_

STAPT=(h R#

i0,0 STAnT=START+I Rw

MOt'fRY= 1f).*.2 m R#

mqijR 3=Ir.. m,25 R_

F)q !20 ALTNT=STA,_T,MAXALT R_

IF {CgST(ALTNT}.GE._flNEY} G{I Tn 110 R_

MP_,IFY=COST (AL TI_,T) RI

C STHLD=ALTNT R_

HOLnl=CSTNq{ ALTNT} R_

i] r) IF ISCLTI_(ALT_:TI.r,E.HOURSI C,F_ TO 120 R_

HOURS=SCLTIM(ALT'qT ) RJ
T I_HL D=ALTNT Rw

HInLF_2=TT_NO( ALTNT} R_

120 CC;NT I ",!!J _ RI

130

IF {CSTHI D.E_J.ST&RT} Go Tn ]3n R#
CF_ST (CSTHLn) =CFPST( START} RI

CnqT( ST,_RT }--_i_INPY RI
r S T_1!](C fiFUL_) }=C STNO (S T ART I RI
C ST"J _1( ST ._RT | : Hnt ql RI

IF (TI,'_HI._).Ef,).STA_T) G,'3TO 140 RI

140

SC! TI gITIMqI_!)I=SCLTI_I START}

qCI..TI q( START)=Hf}URS

T I'_NO ( T} '_HLD }=T I_NO(START)

T IK'NF)(STAPT)=HDL_2

I_:ISTAPT.LT._IAXALT} GO TO I0[_;

L T',JE%=loO

RI
R_

RI

RI
RI
RI
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287F_ _ITRnF; -- nFR1tn DATE ]

_,N_ - F=N --- SOURCE STATEMENT - - IFN

C

no i_5 T=I,mAXALT
IF lLIN;S.t_.47) GO TO 150

PRINT HcA_EP

PRINT lO?C

C

RI
RI
RI

___Rt

I02_l FORMAT |IHI,2Y,kHCOST,BOX,SHTOTAL,IZX,4HTIME, 2cIX,IOHTOTAL SCALRI

1Eq ) RI

PRINT I0 _ ] RI

I021 cnR '_,%T Rt
1{ |H _P_Y,y 4HRANKt_X_5HALTNTtSX_6HCONFIS,3XtSHSNAPEt5X,4HC_STt13Xt RI
2 4HRANK.SX.5_ALTNT.3X.bHCCIJNIFIG.3X,SHSHAPE,4X,14HTIME TIME I RI

3GX,QH(gf_ILLARS), 42X,TH(HOURS) ) Ri

LINES =n RJ

150 QNKCST=CSTNC{ T) R_

PNKTI M=TIMNF)( T ) RI

M=CqNr-G( n _J_CS T t RI

_' :C ONCG ( q KIKT I _ ) RW
P_l"IT TIME AND COST RANKING DATA R_

PRINT I_2, I ,PNKCST,L TTRS(M I, SHAPE( RNKCST } ,C[)ST ( I .l, I. RNKTIM, RI

I LTTR SIN ) ,SHADE { P,NKTIM ), T INEI RNKTIM ), SCLT IM (| ) RI

1022 FF!D_T II_,I%,I_,4X,A6,1_-,5X,Fg.I,IIX,13,18,4X,A6,16,FIO.I,FII.I) R_

I_INF£=LI'qF%+I Rw

1_5 Ct)'4TI_IVF R_
C DETE_-'-_INE IF ANY ERROR TERMINATIFINS

IF- (NN_!.LF.nl GEl TF_ 170

PPINT IcIR?

]02 _ FORMAT (!HI,ITx,ICHFRRF)R TERIWINATIONSIII6X,23HBEFCIRE
IHAPFIItX, _2HALTNT CODE NO. llI

_RINT 1024, {TFRM|I,_I,TI_RM|I,II,TI:RMII,3), I=I,MNN)

1024 FQDM/_T (17X,T3,S_,I3,SX,13)

PRINT 1 r' __fi

10_25 I:gPMAT (IX,I/II24X_IIHERROR C()DESIII

RI

Rx

R#

MESSAGE SR_

R,

R_
RI

R_

R,

) Wq. GT._÷DFtNCR -- MUST HAVE RIGHT WINDOW TQ GET t_Wl u_ R,l_q

IIOX,14HC_N'T HAVF WPS II R_

267H _ LOGIC FR_OR 2 -- INEQUALITY DELNCR.LE.P NUT SATISFIED R,

?IOX,_5HCAN'T HAVF SFS,SFW,WFWSPHII R_
3A3g 3 L_GIC FRkDR 3 -- O._T.O AND P.GE.Q ARE INCONSISTENT R,

310x,25_c_NtT HAVE SFS,SFSII,SFW II R,

_51_ 4 IIN_LF TU INCREMENT RADIUS TO _IT DIAM nF NCR II R,

563N 5 INCqE-ENTED WFLCI:B÷W_I IS GREATER THAN WNCR R,

_510x,17HC_N'T H_VE WINDOW !1 R_
A lOGIC E;_I_UF,, 6 -- INFOUALITY Q.LE.Df:LNCR.LF_.P N[IT SATIS. R_663H

61O_,?SHCAN'T '-lAVE DFD,DFW,WFWCYL Ill R,

PRINT I')_7 R#

1027 _QPMA. T { R,

763_ 7 B+Wn.GT.P+DELNCR -- wUST HAVE RIGHT WINDOW TO GET LEFT R,

7I_X_I4HC_N'I HAV F W Fr) // R,
_6_H q B+W_.GT.P÷D_LNCR AND P-DELNCR R,

810Y,?IHCAN,T HAVF DFW,WFWCYL /I R_

c_f-,9_ 9 LC.LF._C/2 R_

QIO×,I61qCAN'T HAV I: DCFCD /1 R,
XA3H iF) lOGIC ERROR XO -- Q._T.O &ND P.GE.Q ARE INCflNSISTENT R,

XIO_?)HCAN'T HAVE DCFD,D{.FW II . R,
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RNK& .- EI--N - - SOURCE STATEMENT

170 _QINT IO?R

1028 FneM&T (].HI,lmX,Z2HNO ERROR TERMINATInNS )
.}75 _TIJ_N

322

_DA]£. ....
]'FN

RI

RJ
R_

R_
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_41TRn#F - 0f221_-(_,

LCVA - F_N - -

323

DATE
SgltJRCI- SI,ATEmENT - - IFN

RFAL =UNCTIf)N tCV(OEL) L(

LCY IS I F_!(,TH DF [Y! I_Pb_, GIVEN FLASK [FN!;TH L(

PEAL LF L(

C C'_ *'I(?N C']NF IG, %HAP, WORK,WNCR, L)EL."JCK,_LKC S T, P, _, B, RF ,I_F, f)NCR X _ L(

1 _NCP X_nI-R 2x. I_ _ [BA,ABMNLF t_bLRI _ DFLRZgDELR_, OELI F_ DNCR _OELWCR L(

2 , nL )'lfi_, L [ _J': q L(
CO_t;'l_?_l /C/ RC,I.C,LCRHS_WFLC L(

CO:'4_ON /SPH/ RS,RSPHS,NFI S L(
CO_MqN /STIF_I [STIFF,BSTIF_,HSTI_P,_-,O,G,K,THKZ,V,VINIT LC

COM 49N/_NF)_ /_0, TH ICKW_ W._.,'DCST, WNOTI _, SH_Fb TS ,RHDTW,RHOWND L(

Cf_rl'_ IXSPCI HItH2_VItV2,_ELHI_DELHZ_DELV] tOELV?tBOXTPyPOXHT, L(

l SP|_HT L(
C O_Mt.2 N

I I)POTLZ, !)ROTL ?, OPO IL_ _DR[I IAL_ DROI AR _DRO34L _ ,3R(i3AR _RH3TI A, RHOTZA, L[

2 RHqT3A,RHPT!L_RHOTI_RHOT3L,RHnI3R,TIMN{_,CSTNO L(
3 ,F SKC.ST, FSKTI P. ....... L(

CrlMMqN /NPT/ WT,_NTNSTY_ALTNT,ALP_ L(
C!)M_ON /XCT! IN_QC_INEOS_T]I _TIF,T2I,TZE_T3] _T3E,RATIO,HTC_HTS_ L(

i TI OS, TZI?S, I _',IC,T ] IPRM,T2 I PRM, T3I PR_4, TI A, TZA_ T3 A_ OELTIA _Dkt TZA_ L(
2 O_-LT3A, T3FX L(

[(24_{_il /_4IL/ "__FTAL,_E_YPSTRS_SF_C_,FL_RHU_,ANEAL_,DCRIT L(
C.q_qN I¢O_/ FpMCST,FRMTI_-_TREXT,TRINT,FURM L(
DIMENSIIN RL:KEST(7)_RCIZ) tLCIZI_LCRHS(2) _RS(12) _PSRHS(I2) _ L(

1 IST IFF( Z ) _RST IFF(2) ,HSI IFFIZ },K( 21 ,V(2) _VI NIT(2) ,CONFG(IO0 1_ L(

2 S_,_P;It'JOI,CF_SIIiOCI,TIMEIIUO),RON_,£_R(1OO) ,DROTTLIIOO) ,NFIIlGO), Lf

:30P.rITLI (lO0 I, O_UTL 2( lO0 ), DREJTL3( IOO),!)QUTLZ+ (] On) _OROIAL ( i03), L(

ISTPl EF]NPC_SHAPEtC. UST _TI_Et MAX.ALI_RONMHR_DROTTL_O_F)ROTL] ,I.(

4. O:_,]!AR( I OO) , np(lRAt ( iO0 ) ,DR(13AR |l OO ), RHUI iA (2) _RH{)T2_A (2) _p_{jT-_A |2 )L[

5_ R_qTIL (2 ) '_HrITI_ (2) _ RHOT3L {2 ) _RHnT3R (2) _ TI _'!_(100) _CSTNF'( 10_ )_ t_C
6 _T(z*) ,AI_PH{3 ), I_4FO£(2) _ lNEQS (2 I _III (Z) ,TIE

7 T?I (Z),T3_(?), RAT IO( Z I,HTC (2) ,HTS( 2} , TIOS(

8 TP IPRM(Z ) _I3 I_R'_(2) t TIA(Z) ,I2A(2 It I_A(Z) _E

9 C(3)_FL(?)_PHO{a|_A_IEALI?|tIREXI(2), IRINI|

1 _T3_X{ 2 I _F)ELTIA( 2 )_DELT2A(2) ,DELT3A(Z)

I_CY =LF-_.*SORT(F)EL*IDFL+P.*RF) I
RET JDN

FN_

(21_TZl(Z) _TZF(2}_

Z) ,T?!)S(Z),T3DC(2)

(?)_YPSTRS(3I,SF(3)_

2l _FORM(2) _TIIPRM(2)

L(
L(

L(

L[

LC

LC

LC

LC
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'4rl.'_ - FF_,' Sf'.Tj,4C_ SIATE_kNT - - I_N

REAl, r_I_CTI_'I W'Pl (R) WI:

C I_!I|F WIL,'T'4 P,,I-FL_N(_r- WF

I. _4_C_K,OLR, 3×, I_, t_A,_BM_tI.F,L_bl R1,L)_.I._)Z,DELRB,DFLLF,ONCR,DIZLWER WF

2 ,DLnNCR,LINFS WF

C!'I'_,I /C/ RCyLC,LCRHStWFLC WF

C_']_4"4_g1 /SP!_.t RS,RSRHS,WFI S WF

C_]_;11 /STIF_/ ISTIFF,E_STIF_-,HRTIFF,F,D,[_.K,THK?,V,VIflIT _F

C04'_qN /KS'--'(;/ HI ,HZ.VLvV/,DLL_HI,I_-LH'.',L)FI_Vt ,DFLVZ,BflXTP,F_[)XHT, WF

} SP[.!_T NI:

IST_-'.I Cf_NF-L_,SHAPE.,C_SI ,TI_._P_ gAXALT_QONmP.R,DROI TL_NF_,DP{]TL! ,WFC [)'_!iIN

I _)'_'_T! Z,_IIR{_TI._',_)!"gTLg,!)R'3].AL,!)R[I!AR,gRC3&I.,I')_RCF_AR,RHOT}A_,RH_TZA_ Wf"

_RHUT 3,'%s.RHOT ] L t R_UT I_ _ RH_T3L _ RHI]T RR _ T I _N4 vC S I NIl WF

3 ,9SKCST,FSKTIm WF

C{}_'tl;'_ I'_PT/ '_I,IT_,ISTY,ALINI,ALP_ WF

COC'I_qN /XCI-/ I_-gC;,I','C(!S, IIi,iLE-,1;_I,I-2_,T-_I,T'BF,RATIK,HIC,_TS, _=

I T]'I%,T2?.S,X'_;)C,TIIP_,_'_,I?IPRm,T'_I_-'R"_.llA,TZA, T_A,!)ELTIAvDEL T2A, WF

2 {)_-LT -_A, T ?FX WF

Ci]'J_'_J'._/'_T| / .,i_;T'_L,F,ypsT. RS,S_,C,EL,_H[',ANEAL,OCRIT WF

C!}'_M:]t /r-r-',,,,/ F_"_cSI,Fk_4TI_,TRFXI, IRI'._T,FnRM WI:::

q I_F"!S I g'1 qLKCKI I 7),_C IZ),LCI _;),LCRHS{ 2 ) , RS (I 2) ,RSRHS( 12} , WF

i Iql I=F;( PI,PgT If-F( 2),HSl I_l _ ),KI 2) ,V{2 ),V[ NITIZI,CONFG( ]00 ), WF

"_ I):_FITL I ( ]_nOl ,-)u_ITL2(InC.) ..)qPl [ _(]OU) ,_)eOl L4(I C}O) _DPO] AL (lhOl, WF

g

5,

8

I

_.,tF L =P. q+O. 20_'-_t _

R FT_JP 1

_I _)

n;',]1 _,;_( I c_.')t , ']!_U ZAt ( !OO1 , r)R{.i-i_R ( iOO ), RHOI LA {2 ), RHOTZA ( 2 ), PHnT34 { 7 IWF

R'-iql ]-L (P) _ ;]'_'-'I1 _,(2) , RHOI 3L (P I , _H()I3R (7) ,T I MN[_,! lOO! ,CSTNI (IGC_) ,

;._TIE+),BI_PH(_), I_-!F-C)C(.Z), INEC)S(ZI,TII (Z) ,IIEIZ),T21!2),TZE(2),

T;SI(?),T_FI/),R _T IL_(Z),_-4TC(Z).HTS(Z),TIr!S(Z) ,T2_S(2I,T3DC(2)

TPIF_',_(?I,I"-_IPR"_(2), I 1A121 _TZAI?I_T)&! Z! _FI3),YPSTRS(3)vSF('_),

C( ?l , _-L(3) , ._Hc,( BI ,,A_'QE-ALI _ I ,TPEXI-(2). TQ I _,IT(2) ,FORM(2) ,T IIPRM(2!

,_-3_-X(,->) ,9EI II_.I2'I,I)_LI2_(21 ,DELI3A(21

WF

,WF

WF

WF

_F

WF

WF

WF
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DATE
WNDW^ - EFN - - SDU_CE ST._TEMFNT - - IFN

SUR_flUT I_E WINDOW(Q) WI

THIS R_UTINE CAN BE EXTENnED TO HANDLE THINNER SHEETS By Wl

INCPEJSING DIMENSION fl_ TW AND T AND EXTENDING DATA STATEMENT WI

C_MMON CCK_IG, SNAP, WDR _ ,WNCR,DELNCR,BLKC _T, P, O, B, RF,1F, DNC RX, Wl
I W_ICPX, Ot o_Y, IR, IB_,A BMNLF ,DEER l,r)ELP 2 ,DI='LR3,DEI LE, DNC R, DELWCR WI

? "nL_nNCP" l INFS W!

ECMMnN /C/ RC,LC,LCPHS,WFLC WI

CC_PN /SPF/ R_,RSRHS,WFLS WI

CCMM_N /STIFF/ ISTIFF,BSTIF_,HSTIFF,F,D,G,K,THK2,V,VINIT WI

CCM_PN/WNqW /WD,THICKW,WNf)CST,WNDTIW,SHEETS,PHCTW,RHOWND WI

CCMMPN /XSPC/ HI,H2,VI,V2,DELHI,DELH2,DELVI,DELV2,BOXTP,BOXHT, WI
I SPLNT WI

CP_MMqN /STR/ CONFC_,SHAOE,CgST,TIME,WAXALT,RONMBR,DROTTL,NO,DROTLItWI

I DR OTt 2, _ROTt 3, DROTL4, CRO IAL, DROIAR, DRO3._L, DRO3AR, PHOT IA, _HC)T2A, WI
2 RHGT 3A, RHCT| L, RHOT IR, RHOT3L, RHOT3R, T/MNO, CSTNC W!

• FSKCST, _SKTIM WI

CC_N /NPT/ WT,NTNSTY,ALThT,ALPH WI

CCMMCN /XCT/ INE_)C,INEQS,TII,TIE,T21,T2!',T31,T3E,RATIOtHTC,HTS, WI

I TICS, T2DS,T3DC,TI IPRM, T21PRM, T31PRM, TIA,T2A,T3A,DE LTIA, DELT2A, WI

2 CFt T3A,T3FX WI

£CMMDN I_TLI METAE,F, YPSTRS,SF,C,EL,RNC,ANEAL,PCRIT WI

CE_MPN /FQM/ FPMCST,FRMTIM,TREXT,TRINT,F_qRM WI

_I_ENSIO_, RLKC_T( ?),PC (2) ,It (2),LCRHS(2) ,RS(I2),RSRHS! [2), WI

I ISTI FF(?), BSTIFF( 2),HSTIFF( ?),K( 2 } ,VI 2) ,VINIT (2 I,CONFG {IOO), W!

2 SF APE(leO) ,COST( I 00) ,TIME (IO0) ,RCkWBR{ [OO) ,DROTTL (IO0) ,NO(/DO), WI

DRCTL I ( ] CO), CRDTL2(IOO},DROTL3(IO0) ,DROTL4I I00), DRnl AL (IO0), WI

4 PROIAR(]CO),CR_3ALIIOO),nRQ:_AR(IOO),RHOTIA(2),RH_T2A(2),RHOT3A|2|WI

5,PMCTIL(2),RHQTIR(2_,RHCT3t (2),RHQT3R(2),TIMNO(IOO),CSTNO(IOO| , WI

6 WT(4),AlPPI_).INFOC{2),INEOSI2I,TII(2!,TIE(2I,T2112),T2E(2|, WI

T T_I ( 2), T3F( 2 ) ,RAT IO(2) ,HTC(2) ,HTS (2), TIDS (2) ,T2DS( 2| ,T}DC( 2), WI

R T21PRP(7) ,T_ IPPM(2),TIA| 2) ,T2A| 2I ,T_A(2), El 3| ,ypSTRS| 3| ,SF(3) , WI
q C ( 3 ),EL( _ ) ,PHn(3) ,ANFAL(3),TREXT(2) ,TR I NT (2) ,FORM(2) ,TI IPRM{ 2 ) WI

I ,TgEXI 2 | ,CEt TIA ( 2),nFLT2A (2 | ,DELT3A(2 | WI

C[MEN_ICN TW(TI,T(_) WI

_T_ (TII},I=I,61lO.OI4,0. OIO,O.OOTS,O.O05,0.O03,0.OOI. I WI

THICKW=O. WI

SFFFT_=O. WI
TW(I)=AINTI6._R+O.5)/q_g.qoq

_r ]_ I=I,6 WI

ALPHA=TWII)/TII| WI

SF=AINTIALPHAI WI

A_CTNL=SH*TII) WI
SFEETS=SHFETS+SN WI

THICKW=TFICKW+ADDTNL WI
IF ITHICKW.GF.TWII)) _0 TO _0 WI

COMPUTE NEXT TW WI

TWII÷II=TW(1)-ADDTNL WI

CCNTINIIF WI

MLIST ABE _NE MORE SPEET TO COMPLETE WINDOW WI

SHEFTS=SHEETS_I. WI
THICKW=TNICKW÷T(1) WI
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?87Q MITRnFF - nFRIfG
WN_WA . EFN -- SOURCP STAT EMFNT

40 WNPC_T=5._SHFETS

WNOTIM=.5

45 IF (THICKW.GT.O.OI4) GO Tq riO

W_=C.12_P+C,5
GO _n 55

50 WD=(W/IO.CS)*IO.*e{I.=3_tO.O=*(-4.0*R))÷0.5

55 RNCTW=RHCWND_THICKW_2.54

RETUPN

DATE
IFN

W!

W!

W!

WI

WI

W_

wr

wr

wT
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£4-.BLOCK"
'IITR[)FF - q/22/66
BLt.IK - FFN "- - S(!URCL STATEMENT

327

DATE

IFN

BLFICK nATA

CFIMMC]_I IXTRA! HE.'_TI?I,TYPI3!

CO_'4ON /NPTI WT{4) _NINSTY,ALI'NT_ALPH!3)

DATA (TYPIIIvI=I,3I/SHB0X ,SHSP'JOL,SH N/A

DAIA (HEAT(N),N=I_3)/3HYES,3H NU_'_HN/A/

DATA ( _LPH( I ) , l=It 3)/ZHAL _2HFE_ 2HB_/
END

RL

BL

BL

BL

RL

BL

BL



STF
?RTR '4ITRqIF-_ - q122/_& DATE

_TI ,_ - FFN -- S3URCI: SI,ATEM_NT - - IFN

SLIBRrl!JT INF STFIJI S
[ NT EC, F._ SHAP S

RE_L ISTIFF:,LC,LZRHS S-
C!]mgrlN CrINFI_:H_P,i_[]RIK,WNC'R,OELUCR,_LKCST_ P, O_B_RF,LF, D_CRX_ S"

1 W_Cq _(, aL E3X,! I B 1 [ P _,_ ABMNLF _ DEI R 1, F)EL_ ")_,!)F LR 3_ r)E LL F, DNCR, _,F_EL WC_ S"
2 _OL3NCR_L[NFS S

cIrF_mr)_ �El RC_LCyLCRHS_,WFLC S
cn'_mn'_ /SPH/ RS_P. SPHS,WFLS S-

C')_"MON ISTII_F/ ISTIFFyBSTIFF_I4STIFF_F_)vU_K_THK2_V_VINIT S
rom_ONl_NO_4 I'a'F)_THICKW-tWfqDCSI _WNr) TI My SHEETS _P.HOT_RH[.]WND S-

_")_;4lqN /XSPC/ HI_HZ_VI_V2_DELHI_L) ELHP_DELVI_r)ELV_R(I×TP_BOXHT_ S"
1 S_LNT S
C(leMt_N /STKI

I DPOTL2,_RQTL3,D_OTL_,DE[]IAL,F)Rn] AR,L)REI3AI, OqO3AR,_HOTIAtRHClT2A_

2 R_4QT3A_ _H{JT _ L, RHBT IK tRHHT)L, !_HLJT3R , f ImN,q ,F ST N_.)

CUNFG,SHAPE_CUST ,TI._F_:_AXALI,EUNMAR,DRQfTL,NQ,flPflTL],S

S"

S

S

S

31 _T3E_RAT I[!_HTC,HTS_ S

A, T_A _DE LTI A ,F).ELT2A_ S"
S"

AL _qCi_ IT S

S"

{12} _SRHS(12) _ S"

NITIZI,CQNFGIIOOI, S

,.)RnTTL(100) _N{]! ]00) _ S

( I (0) ,ORO] AL (]OO I, S

l/ l, RHOTZA(2 I, _HOT3A ( 2 )S

mNO{ lO0) ,CSTNC( I O[_I _ S

{2)_T?I{2) ,T2E{2), S

21 ,TZ',)SI2),T3DC(2I, S
|3),YPSTRS(3),SF(_)_ S"
2) ,_ORM(2I _TIIPRM(2) S-

S
S

STIFF£NERS S-
S"
S"

INSFRT EI_ HERE S
S
S _
S:

3 ,FSKCRT, FSKT|M

COW, maN /NPTI _T,_!TNSTY,A[ TNT_ALPH

C(!M_'__i'4IXCT/ IN_OC,INE_)S,III,TIE,T21,TZF_T

i TI:]S, T23S, T_)FI, TII PRY_ T2 IPR_, I_ IP_, Tt A_ f2

2 DELT3A,T3EX
C.Qm_qN I"_TLI m[TAL,E,YPST_S,SV,C_EL,PH_ANF

C(]_'4MJN /FPMI _:R_CST,FRMTI_,IRFXT,TRINF_F[IRM

31 _'_S I_ HLKCST(7) _PC |2 I ,LC { 2 I,[CRHS (2) ,R%

] ISTI_F(_I,BSTIFF(2) _HSI IFF(2I _ K( 2l _V(2I _Vl

2 SHA_E(].qOI_,C(JSTItOO),TI_EIIOCIyOFIN_R{ tOOl
3 nRUT LI ( IOO ), ORRTL 2 ( i (]O) , DRP T[ 3 (I OO ), DR[iT L4

4 ORql AP ( fOOl _OP,q3AL(I00) _D_{!3AP(IOO) _ RN(ll 1A

5_ RqOT! L (? )_ RHUTIR (2) ,R_HUT 3L ( ? ) _R_OT _R (2 I_ TI

6 'aT (%) ,AI_PH(3 ), INEQC( 2 % _ INEQS { _), III(P.) ,_ IE

7 T31 ( ?),T3E( 2 I _RATIO(21 _HTC I_),HTS( 21 _TIOS(

T21o_M{ _) _T31PPm| ?) ,TIAI2) _ r2A|? ), T3A(2) ,FZ

9 C( _} _ EL( 31 _RHq(3) _ANEAL(?) _ IREXT I Z), TR IF.'T(

1 _T3EX(2)_0ELT]A(21_DELT2_(2) _D_LT_A[_!

S=K (.I)+i

S IS MUmBER OF P.EGIFINS - K IS NUMH_R DF

V(J)=LC(SHAP)/(S#DI

IF (V(J).LE._.) GQ T,q 20

V(iN _IS_S _K_ALYSIS ROUTIN_ MAY RE
BLKCST ( 7 ) =_LKC ST ( 7 )+10,

20 THK ?=3/S_x_. z*

RETURN

EN_


